








Second Series : Fuly 1, 1929 Vol. 34, No.7 


THE 


PHYSICAL REVIEW 





FINE STRUCTURE IN THE COMPTON EFFECT 


By BERGEN Davis AND Harris PurRKS 
Physics Laboratories, Columbia University 


(Received April 29, 1929) 


ABSTRACT 


This is a continuation of two crystal analyses of fine structure in scattered radia- 
tion. The displaced scattered radiation from carbon (pure graphite) and beryllium 
was investigated. A special x-ray tube was constructed with the scattering element 
near the target. The tube was mounted so that the scattering angle @ was large. 
The tube operated at 3200 watts. 

Fine structure in the displaced scattered radiation from carbon.—The angle of 
scattering 6 was 155°. The displaced radiation has fine structure as follows going 
toward long wave-lengths: A relatively strong line 0.0421A from Mo Ka, position, 
and three weaker lines at 0.0012A, 0.002A and 0.0109A from the strong line. These 
agree closely with fine structure lines previously found by Bergen Davis and D. P. 
Mitchell. The two pictures are alike, but the displaced one is shifted 0.0421 from 
the undisplaced. The displacement is less than is to be expected from d\ =0.0243 
(1—cos @). Our results give d\ =0.022 (1—cos @). This is 9 percent less than is to be 
expected from theory. Errors could not be so great as this. 

Fine structure in the displaced scattered radiation from beryllium. —Displaced 
scattering investigated at @=163°. A strong main line was found at 0.0446A =0.0228 
(1—cos 6) from Mo Ka; position. A line at 0.0051A toward the long wave-lengths 
from this main line. This displacement is near the value to be expected from Be K 
energy level. A weak line at 0.0009A toward short wave-lengths from main line. 
These two lines were found by D. P. Mitchell in the undisplaced scattering from 
beryllium and were ascribed to the K and L; energy levels of Be. The L, line, how- 
ever, was shifted 0.00058A, which is much less than the 0.0009A found here in the 
displaced spectrum. 


HIS is a continuation of an investigation of fine structure of scattered 

radiation by means of the double x-ray spectrometer. Structure in 

the undisplaced scattered radiation from carbon (graphite) has been pre- 

viously reported by Bergen Davis and D. P. Mitchell.! These latter ex- 

periments have been extended by D. P. Mitchell? to the undisplaced scattered 
radition from beryllium and aluminum. 

An investigation of the displaced scattered radiation (Compton effect) 

is reported here. The double x-ray spectrometer as an instrument of high 


1 Bergen Davis and D. P. Mitchell, Phys. Rev. 32, 331 (1928); Phys. Rev. 31, 1119 (1928). 
? D. P. Mitchell, Phys. Rev. June 1928. 
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resolving power has been previously described.* The scattering elements 
used were carbon (graphite) and beryllium. A special x-ray tube was con- 
structed. A standard water-cooled molybdenum target was cut away at one 
side as shown in Figure 1. The scattering element S was placed with its 
front face about 1.7 cm from the center of target spot b. A special cathode 
constructed having a short linear filament. The housing of this filament was 
of such shape that it directed a uniformly distributed stream of electrons 
over the area of the target spot. This target spot was square in shape and 
about 6 mm on each edge. The x-ray tube was so mounted with respect to 
the slit system, that the angle of scattering 6 should be large. The displace- 
ment to be expected is d\=(h/mc)(1—cos 6). The dimensions of the target 
spot and the scattering give a considerable divergence in the values of 6. 
However, since the variation of the cosine at large angles is small, it was 
found that angle @= 155° gave sufficient resolving power to separate the spec- 
tral lines in the case of carbon. When beryllium was the scattering element, 
the x-ray tube was set so that #=163°, but even at this large angle the 
nearest spectral line was not completely resolved. Care was also taken to 
mount the tube so that the divergence of the rays in the vertical plane should 
not be greater than the divergence in the horizontal plane. 








Fig. 1. Arrangement of x-ray tube target and scattering block. 


The displaced scattered radiation (Compton effect) is quite weak even 
when observed from a single crystal. The energy observed in these experi- 
ments was very much smaller. The radiation was divided into separate 
spectral lines and the reflection was from two crystals. The x-ray tube was 
driven at as great power as safety would permit. The rate of dissipation of 
energy at the target was 3000 to 3200 watts (75 to 80 milliamperes at 40,000 
volts). This great power caused the target spot to become incandescent on 
the surface even though it was water-cooled. Also one could hear the water 
boil as it passed through the target. 











TABLE I. 
Carbon Displacement Beryllium Displacement 
from Mo Ka, from Mo Ka; 
Ka,’ 0.0421A Ka,’ 0.0446A 
CLy1)' 0.0421+0.0012 — — 
CL/ 0.0421+0.002 Be L’ 0.0446 —0.0009 
ty 0.0421+0.0109 Be K’ 0.0446+0.0051 
0.0421 =0.0221 (1—cos 155°) 0.0446 =0.0228 (1 —cos 163°) 








3 Bergen Davis and Harris Purks, Bulletin Nat. Acad. Sc. Vol. 13. June 1927. 
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The results obtained are given in Table I and in the figures. The lines 
of the undisplaced radiation are designated by subscripts (Zi, Lin etc.), 
the corresponding lines of the displaced radiation are designated by primes 
(L;’, Lin’ etc.). The displaced scattered radiation from carbon has four 
lines as shown in Figure 2, a relatively strong line Ka,’, and three weaker 
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Fig. 2. Fine structure in the Compton effect from carbon. 


lines CZ,’, Clin’ and CK’. The shift of these three lines from the Ka,’ is 
closely the same as the values previously found for the undisplaced scattered 
radiation. The spectrum of the displaced is a duplicate of that of the undis- 
placed. The shift, however, of the one spectrum from the other is not quite 
so great as is to be expected by the relation dA=h/mc(1—cos @)(1), in which 
h/mc has the value 0.0243. The shift of the spectra is better represented 
by d\ =0.0221 (1—cos @). The shift is less than the expected value by about 
9 percent. This difference is too great to be accounted for by error in meas- 
urement of the angle 6. The tube should have been set at 137° instead of 155° 
to give the observed displacement. 
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Fig. 3. Complete spectrum, scattered radiation from carbon. 


This angle 137° is represented by the dotted line in Fig. 1. It will 
readily be seen that the difference is too great to arise from error in tube 
setting. Also the divergence effect due to size of target spot and size of 
scattering element, (Eq. (1)) would have been so great at 137° that the 
separate L lines would not have been resolved. The conclusion must be 
drawn that the constant h/mc does not completely represent the phenomena. 
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The complete spectrum of the scattered radiation from carbon is shown 
in Figure 3. The two spectral pictures are quite alike. The shift of the CK’ 
line (0.0109A = 268 volts) from Ka’; is less than the shift of CK line (0.0113A 
= 279 volts) from the Ka;. The shift (0.0109A = 268 volts) is less than the 
K energy level of carbon (280 volts). This latter shortage in the displace- 
ment of the CK’ line may have the same physical cause as the shortage in 
the displacement of the whole spectral group.* 
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Fig. 4. Fine structure in the Compton effect from beryllium. 


The results for beryllium are given in the Table I and in Figures 4 and 
5. A relatively strong line Ka,’ at 0.0446A from Ka, position, a weak line 
Be K’ 0.0051A toward long wave-lengths from Ka,’ and a weak line 0.0009A 
toward short wave-lengths from Ka’;. This last line corresponds to the B LZ, 
found by D. P. Mitchell? in the undisplaced scattered radiation from beryl- 
lium. The Be K’ line at 0.0051A corresponds to the Be K line in the undis- 
placed radiation as found by Mitchell. It is to be ascribed to the K energy 
level of beryllium. The shift of the displaced spectrum is 0.0446A =0.0228 


* It is perhaps worth while to refer here to some recent experiments of Ehrenberg on 
scattered radiation from graphite.‘ He used the single crystal photographic method and his 
results were negative. No lines were observed. His scattering element was Acheson graphite. 
He suggests that our fine structure might be due to impurities. We would say that the scat- 
tering elements used for data in table! for Experiment No. 2 was Acheson graphite. That 
used for Experiment No. 1 was a pure graphite obtained from General Electric Co. The great 
separation of the a and a lines in the Ehrenberg spectrogram indicates that the slits were 
very narrow. Our own previous experience with the photographic method and the experiments 
of P. A. Ross on the Compton effect indicate that. it is difficult to observe scattered radiation 
with such narrow slits. The undisplaced scattering is of about the same intensity as the dis- 
placed. It would require many hundreds, perhaps thousands of hours exposure to register 
fine structure in scattered radiation on a film with such narrow slits. The intensity of the real 
scattered radiation is of a different order of magnitude than that observed by Ehrenberg. 
Graphite is a powdered crystal. We would suggest that the lines observed by Ehrenberg 
are higher order reflections from those minute crystals that are properly oriented for such re- 
flection. A few years ago this experiment was made in our laboratory. Finely powdered calcite 
was formed into a placque. This was found to give quite strong reflection no matter at what 
angle the rays impinged on the placque. 

‘ W. Ehrenberg, Zeits. f. Physik 53, 234 (1929). 
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(1—cos 163°) from the undisplaced. The constant 0.0228 is less in this case 
also than h/mc as expected from theory. A most significant point about the 
two spectra is that the Ka, line is absent or very weak in the undisplaced, 
but is relatively strong in the displaced radiation. Attention is also directed 
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Fig. 5. Complete spectrum, scattered radiation from beryllium. 


to the fact that the shift of Be Z;’ (—0.0009A) from Be Kay,’ is considerably 
greater than the shift of Be Z; (—0.00058A) from the Ka; position on the 
undisplaced spectrum. The possibility of this type of fine structure has 
been suggested by Compton. The expression for the displaced scattered 
radiation proposed by him is 
2 
d= +1 —cos @). 
As—A Ome 

This is the same as the fine structure found in these experiments, with the 
exception that the agreement with the constant h/mc=0.0243 is not exact. 

Discussion. These experiments together with others give important in- 
formation as to the possible modes of interaction of photons, electrons, and 
atoms. (a) A photon may lift an electron from an atomic energy level and 
give it kinetic energy expressed by hy =3mv*+ Ve, where Ve is the energy 
level from which the electron originated. The photon as such disappears. 
This is the photoelectric effect. (b) The photon may lift an electron from an 
energy level to the atomic limit and then escape without imparting either 
momentum or kinetic energy to the electron. This is represented by the re- 
lation hv’=hv— Ve. This is the mode of production of the fine structure in 
the undisplaced scattered radiation. There is one exception found by D. P. 
Mitchell? in the case of the LZ; level of beryllium. In this instance hv’ = 
hv+Ve. The photon finds the electron already in a higher energy state 
near the atomic limit. When the two part company the potential energy of 
the electron is added to that of the photon. (c) The photon may lift an elec- 
tron to a higher energy level at or near the atomic limit and then impart to 
it both energy and momentum in the manner proposed by Compton. This 
is the origin of the fine structure in the displaced spectrum. The Ka,’ line in 
the case of beryllium is relatively strong. This occupies the position in the 
displaced spectrum that should arise from scattering from a free or slightly 


5 A. H. Compton, Phys. Rev. 24, Aug., 1924. 
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bound electron. Also there is no spectral line on the long wave-length side 
of Ka, or Ka,’ in either the displaced or the undisplaced spectrum ascribable 
to the Be LZ; energy level, but there is a line in both spectra on the short 
wave-length side. This indicates that the normal condition of the beryllium 
atom is a state of excitation in which those electrons that belong normally in 
the ZL; energy levels occupy positions at or near the atomic limit. Their 
energy of position is added to the photon at moment of scattering. (d) The 
photon may scatter from a free or nearly free electron after the manner 
proposed by Compton. This is indicated by the relatively strong lines at 
Ka,’ position in the displaced spectra of both carbon and beryllium. 
(e) The photon of the wave-length here used probably does not scatter from 
an atomic nucleus. The Kq, line is absent or very weak in the undisplaced 
radiation from beryllium. It is present in the case of carbon and also in the 
case of aluminum (see D. P. Mitchell).* The number of nuclei per cc is 
about the same for beryllium as for carbon and aluminum. The number of 
bound electrons, however, in beryllium is small, since the two Z; electrons 
appear to be in higher energy levels. It is greater in the case of elements of 
higher atomic number. The undisplaced scattered radiation decreases with 
atomic number and practically disappears in the case of scattering from lith- 
ium, as has previously been found by single crystal experiments. On the other 
hand it increases in intensity with increase of atomic number and hence with 
number of bound electrons. The undisplaced Ka; must be scattered from 
a large mass, since the loss of energy is negligibly small. The scattering in 
this case is probably from the whole group of electrons bound to the nucleus. 
The nucleus without electrons does not scatter radiation of the wave-length 
here used. It is probable, however, that hard radiation such as gamma-rays 
and cosmic rays may react with the concentrated field or wave pattern of a 
nucleus. 

We wish to acknowledge our obligations to W. C. Beller for assistance 
in operation and control of x-ray equipment during this investigation. 
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EXPERIMENTAL EVIDENCE FOR THE FILLING OF ELECTRON 
LEVELS FROM THE RELATIVE INTENSITY OF 
X-RAY SPECTRUM LINES 


By SAMUEL K. ALLISON 
University of California, Berkeley 
(Received, April 8, 1929) 


ABSTRACT 


According to the accepted theory of the periodic system electrons first enter the 
5; orbits at 57 La; only one electron remaining in these orbits until 72 Hf from whence 
the orbits fill up to 10 electrons at 79 Au. The Lé; line is double, representing the 
transitions 532, 533-222. In a previous paper the author found that this line was 
much more intense (about 37 times for L§; alone) in the uranium than in the tungsten 
L series. This paper reports intensity measurements involving this line in 76 Os, 
77 Ir, 78 Pt, 79 Au, 81 Tl, 82 Pb, 83 Bi. It is shown that experimental difficulties 
due to deposition of tungsten on the targets from the filaments may be avoided by 
keeping high vacua in the tubes. A curve showing the intensity ratio 85/8; as a 
function of the atomic number rises with increasing atomic number and takes an 
upward jump between 78 Pt and 79 Au. This indicates that the first element in 
which 10 electrons occupy the 5; orbits in an approximately undisturbed condition 
in the solid state is 79 Au. The curve is similar to one obtained in the region 
about 46 Pd for the lines Ly; and L8, by Jénsson. 


NTRODUCTION. Ina previous paper! the author found that the rela- 

tive intensity of the line LB; (OyO;y—L111) to the line LB; (Myy—L11) 
was 6.4/40.5 or 16/100 for uranium (92) when the excitation voltage was 
52.8 kilovolts. The same ratio was measured in tungsten (74) by Allison and 
Armstrong? at 31.7 kilovolts and found to be 0.47/100. The relative inten- 
sity of these lines depends on the excitation voltage used, but the voltage 
52.8 kilovolts for uranium is comparable to the voltage 31.7 for tungsten, 
since in each case the ratio of the voltage used to the average critical ex- 
citation voltage for the L-series is nearly the same. The average critical ex- 
citation voltage*® for the uranium L-series is (21.2+20.8 +17.1)/3 or 19.7 
kilovolts, and the ratio 52.8/19.7 is 2.7. The average critical excitation vol- 
tage for the tungsten L-series is (12.1+11.5+10.2)/3 or 11.3, and the ratio 
31.7/11.3 is 2.8. 

Jénsson‘ has measured the ratio in question for tungsten at 20 kv and 
finds 0.2/40.8 or 0.49/100. If this ratio is corrected to 32 kv by the usual 
method! it is found to be 0.43/100 in agreement with the value of Allison and 
Armstrong. 


1S. K. Allison, Phys. Rev. 32, 1 (1928). 

2 Allison and Armstrong, Phys. Rev. 26, 714 (1925). 

3 This method of computing an “average critical excitation voltage” is of course not of any 
general significance. It is only used to obtain a first approximation to comparable voltages in 
cases where the tube voltage is from 2 to 3 times that of the group of critical excitation voltages 
in consideration. 

4 Jénsson, Zeits. f. Physik 36, 426 (1926). 
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There is no doubt, therefore, that the intensity ratio 8;/8; in uranium 
is about 37 times as great as it is in tungsten at comparable voltages. This 
increase is undoubtedly due largely to the fact that between tungsten (74) 
and uranium (92) the O;yOy levels, which are the outer levels concerned in 
the line L@;, are filling with electrons. It therefore seemed worth while to 
trace this process through as many elements in the intervening region of the 
periodic system as possible. The present report concerns experiments per- 
formed to determine the ratio 8;/8,; at comparable voltages in 76 Os, 77 Ir, 
78 Pt, 79 Au, 81 TI, 82 Pb, 83 Bi. It was expected that a curve similar to 
that found by Jénsson’ for the lines LB2, Ly; in the vicinity of palladium 
(46) would be found. By consulting the energy level diagram it is seen that 
the line Ly.6, (Ory—>L11) also involves the O-levels in question. Due to the 
fact that in the region of the periodic system under consideration the line 
Ly¢ lies very close to other lines and sometimes in coincidence with them, no 
attempt was made to investigate this line. 

Deposition of tungsten on the target. Siegbahn® has called attention to the 
fact that after a few minutes of operation, the x-ray tubes used by him give 
the tungsten spectrum strongly, even if the target material is not tungsten. 
This is due to the deposition of tungsten on the anticathode from the fila- 
ment. If this were to take place in the present experiments, the results 
would be very untrustworthy for two reasons, (1) the possible interference 
of the tungsten lines with those of the target element, (2) the fact that the 
spectrum of the target element would have to pass through a layer of tung- 
sten of unknown thickness and an absorption correction of unknown amount 
would enter. 

It does not seem practicable to use oxide-coated filaments at the high 
voltages required as they rapidly become stripped of their coating by the 
positive ion bombardment to which they are subjected. Accordingly before 
beginning the measurements, some rather qualitative experiments were 
carried out on the deposition of tungsten on the target.” In the first place, 
it can be shown that this deposition cannot be due to thermal evaporation 
of the tungsten due to its vapor pressure at the filament temperatures used. 
The thermal evapotation of tungsten has been investigated by Langmuir.* 
In Table V of his paper he gives the grams per square centimeter per second 
evaporated from a tungsten surface at various temperatures between 2000°K 
and 5110°K. In making a rough calculation of the order of magnitude of 
the effect to be expected from thermal evaporation, these data have been 
combined with Table I of a paper by W. D. Coolidge® showing the electron 
current obtainable from a standard tungsten filament in an x-ray tube as a 
function of the temperature. Table I of this paper contains the results of cal- 


5 Jénsson, Zeits. f. Physik 41, 221 (1927). 

* The Spectroscopy of X-rays. Oxford Univ. Press, 1925, p. 36. 

7 Acknowledgement is hereby made to Professor K. T. Compton and Professor Bergen 
Davis for valuable information on this point. 
8 Langmuir, Phys. Rev. 2, 329 (1913). 
® Coolidge, Phys. Rev. 2, 409 (1913). 
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culations on the thermal evaporation. The dimensions of the tungsten 
filament considered are 3.34 cm long; 0.216 mm diameter. It is assumed that 
the evaporated tungsten is evenly distributed over a spherical surface sur- 
rounding the filament and 3 cm in radius, corresponding to a filament-target 
distance of 3 cm. 


TABLE I. Order of magnitude of thickness of films of tungsten deposited on the target of the x-ray 
tube by thermal evaporation. 











Electron current Temperature of Thickness of film deposited 
(milliamperes) filament (°K) per hour (cm) 
3.7 2055 3X 107% 
9.7 2074 4x10-% 
13.8 2090 5x10-8 
21.8 2116 1.6x10-" 
36.2 2240 2.1104 








Table I shows that with a voltage saturation current of 36 milliamperes 
a run of a thousand hours would be required to deposit a film one atom thick 
through thermal evaporation alone. 

The transportation of tungsten from filament to target must therefore 
be due to chemical action of residual gas. Water vapor is particularly active 
in this manner, oxidizing the tungsten to the more volatile oxide at the fila- 
ment. This vaporizes off, deposits on the relatively cool target, and may be 
reduced to tungsten again by the hydrogen in the water vapor or by elec- 
tronic bombardment. It is possible to calculate the maximum thickness of 
tungsten which could be deposited per hour by this method as a function 
of the residual gas pressure. If we assume that the number of atoms of the 
residual gas hitting a square centimeter of surface of the filament in terms 
of m, the number of atoms per cc and c, their velocity, is given by the 
ordinary kinetic theory expression }mc, and that every atom which hits the 
hot tungsten takes away a tungsten atom we can calculate the values of 
Table II. The calculations are carried out for the same dimensions of fila- 


TABLE II. Maximum thickness of tungsten deposited on target as a function of the pressure of 
residual gas. 














Pressure of residual gas Maximum thickness of tungsten 
(mm of mercury) deposited per hour (cm) 
10-3 4x10-* 

10-* 4x10-7 
10° 4x 10-8 
10 4x10- 








ment and filament-target distances as those of Table I. From this we see 
that if the tube is at all “gassy” the deposition of tungsten by this process 
may be considerable. This is believed to be the case in Siegbahn’s metal 
tubes where the presence of large metal surfaces makes high vacua difficult 
to obtain. 
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In the present experiments special precautions were taken to keep the 
pressure low. The x-ray tube was of the same general type as that shown in 
a previous paper,'” but the target, which in the previous work was sealed in 
with cement, was sealed directly to glass with a Housekeeper seal, and the 
tube was cut open when target replacement was necessary. During the proc- 
ess of pumping out the tube was flushed with hydrogen occasionally while 
an induction coil was maintaining a gaseous discharge with the filament 
cold. This was an attempt to make the residual gas as far as possible hydro- 
gen which presumably would be inactive in transporting tungsten. 

Finally the spectra obtained from the tubes were examined for the tung- 
sten lines. In some cases no evidence at all for the presence of the lines could 
be obtained Figure 1 shows the most intense tungsten spectrum obtained 


WLa,2 


40’ 


203° 204° 


Fig. 1. Ordinates are rates of deflection of the electrometer in millimeters per second. 


in all the experiments. The target was a button of metallic osmium. The 
relative intensity of W La; to Os La is 1/39. An estimate of the thickness 
of the tungsten film in this case can be obtained by an expression due to 
D. L. Webster."! This expression is 


Ax=(2VB/bn)(V —Vo) 


in which the symbols have the following meanings: Ax is the thickness of 
the film over the osmium, V is the voltage used in kilovolts, 32 kv; 6 is the 
ratio W Lai/Os La; or 1/39; b is Whiddington’s constant for tungsten in 
kv/cm? or 7.6X10°; 2 is 1.8; Vo is the critical excitation voltage in kv or 
10.4. 


10S. K. Allison, Phys. Rev. 30, 245 (1927). 
1 Webster, Clark, Yeatman, Hansen, Prac. Nat. Acad. Sci. U. S. A. 14, 679 (1928). 
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Putting these values in the equation one finds that the thickness of the 
film is about 1.3X10-®cm. The applicability of this equation to this case 
is based on the facts (1) that osmium and tungsten are very near together 
in the periodic system and (2) the film was quite thin compared to the mean 
depth of penetration of the cathode rays. The effects due to the production 
of fluorescence radiation in the target itself have been neglected. Webster 
has shown these to be about 35 percent-of the line intensity. These results 
show that with reasonable precautions to keep the pressure low in the x-ray 
tube the error from tungsten films on the surface of the target may be made 
inappreciably small. 

Experimental procedure. The experimental arrangements were as de- 
scribed in the previous paper on uranium! with small changes. In all the ex- 
periments the x-ray beam was limited by two molybdenum-jawed slits 42 cm 
apart and each of width 0.020 cm. The angular width of the beam incident 
on the crystal was therefore about 3.3 minutes of arc. The radiation passed 
through two mica windows, one on the x-ray tube and one on the ioniza- 
tion chamber. The total thickness of mica traversed was 0.003 cm. The dis- 
tance in air travelled by the rays was 60 cm. The ionization chamber was 
64 cm long, 4 cm in diameter, and filled with methyl iodide vapor to a pres- 
sure of about 24 cm of mercury. All the experiments were performed with 
a current of 5.5 milliamperes through the x-ray tube. The intensities were 
taken as proportional to the maximum length of the ordinate of the curve 
representing the line above the base line due to scattered and reflected gen- 
eral radiation. The intensities were measured at some convenient voltage 
nearly 2.7 times the average critical excitation voltage for the L-series as 
defined above and then corrected to this voltage on the assumption that the 
intensities of the lines obey the empirical law 


I=k(V—V,)!8 


where J is the intensity of the line at voltage V, Vo is the critical excitation 
voltage, k is a constant depending on the line in question. These corrections 
and the absorption corrections were very small since the lines measured were 
all in the L6 group and did not differ greatly in wave-length. 

Osmium. The target was a button of metallic osmium 1 cm in diameter 
and 1 mm thick. The voltage used was 32.5 kv which is 2.7 times the average 
of the excitation voltages of the osmium L-series, therefore no voltage cor- 
rection was necessary. The values given are in each case the averages of 
three separate determinations. (See Fig. 3). 


TABLE III. Osmium (76). 








Line Observed intensity Correction for Relative inten- 
absorption sity at 32.5 kv 
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Iridium. The target was a button of metallic iridium 1 cm in diameter 
and 0.025 cm thick. The voltage used was 33.2 kv which is 2.7 times the 
average of the L critical excitation voltages for iridium. The 8, and 8; 
lines were not entirely separated with the broad beam used. 


TABLE IV. Iridium (77). 











Line Observed intensity Correction for Intensity at 33.2 kv 
absorption 

Ba 8.1 1.00 8.1 

Bi 100 1.00 100 

Bo 45 0.99 45 

Bs 3.5 0.99 2.9 








Platinum. The target was a plate of chemically pure platinum 1 cm 
square and 0.005 cm thick. The osmium Lf; and iridium La, lines were 
searched for and not found. The voltage used was 34.0 kv which is 2.6 
times the average of the Z critical excitation voltages. No voltage correc- 
tion was made. Jénsson‘ has investigated the platinum L-series at 20 kv 
but did not measure the line L8; of primary importance to this research. 
The lines 62 and §; are coincident in platinum, also 8, and Bs. Four deter- 
minations of 6;/8; were made, giving the values 2.80, 2.87, 2.82, 2.92 to 100 
respectively. 


TABLE V. Platinum (78). 











Line Observed intensity Correction for Intensity at 34 kv. 
absorption 

Bi 100 1.00 100 

Bs 2.85 0.98 2.8 








Gold. The target was a gold plate about 12 mm square. The voltage used 
was 34 kv. The voltage required for comparison with the other metals was 
36 kv, and the observed intensities were corrected to this value. The lines 
B2 and 83 were not separated. 


TABLE VI. Gold (79). 











Line Observed Correction Correction Intensity 
intensity for voltage for absorption at 36kv 
Bs 7.8 1.00 1.01 7.9 
Bi 100 1.00 1.00 100 
Bs $.3 0.99 1.00 5.3 








Thallium. Metallic thallium of spectroscopic purity was used as a solder 
and flowed onto the copper target. The spectrum was examined for Pb Lf; 
but nothing was found. The voltage used was 34 kv. The comparison voltage 
was 38.7. Since 6, and 2 were not separated with the wide slits used, 6, 
was taken as the standard of comparison. 
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TABLE VII. Thallium (81). 














Line Observed Correction Correction Intensity at 
intensity for voltage for absorption 38.7kv 

Be 50 0.96 1.00 48 

Bs 100 1.00 1.00 100 

Bs 96 0.96 0.98 90 











Lead. Metallic lead was used as a solder and flowed on to the copper 
target. The voltage used was 34 kv. The voltage for comparison was 39.6 
kv. 8; and f: are practically coincident. 


TaBLe VIII. Lead (82). 














Line Observed Correction Correction Intensity at 
intensity for voltage for absorption 39.6kv 

Bs 45 0.95 1.01 43 

Ba 100 1.00 1.00 100 

Bs 138 1.00 0.99 137 

Bs 106 0.95 0.99 100 








Bismuth. Metallic bismuth was used as a solder'and flowed on to the 
copper target. The voltage used was 34 kv. The voltage for comparison was 
40.9 kv. 6: and ® were not separated. 


TABLE IX. Bismuth (83). 














Line Observed Correction Correction for Intensity at 
intensity for voltage absorption 40.9kv 

Bs 100 1.00 1.00 100 

Bs 149 1.09 0.99 148 

Bs 131 0.94 0.98 121 














Treatment of Results. The object of the experiments was to study the 
relative intensity of the line L8; to that of some line involving orbits deep 
in ‘the atom as a function of atomic number throughout the region between 
tungsten and uranium. It seemed advisable to take as a reference line LA,, 
since this is a strong line near LB; in wave-length which makes absorption 
corrections unimportant. A difficulty arises, however, in the elements thal- 
lium, lead, and bismuth, where the lines LG; and Lz lie so close together that 
they were not separated in the experiments. In order to calculate the in- 
tensity ratio 8;/8; in this region the ratio 8;/8, is used, and the assumption 
made that the ratio 84/8; remains independent of atomic number. This 
assumption is reasonable because the ratio 64/8; is within the experimental 
error the same in Os (76), Ir (77), Au (79) and U (92) and there is no apparent 
reason for a deviation in the intervening region. It is therefore assumed 
that for Tl (81), Pb (82), Bi (83) the ratio 84/8; is 8/100 and the ratio ;/8, 
then calculated from the observations. Further support to this assumption 
is given by the fact that it leads to a ratio 8/8; in these elements the same 
as in uranium, and that the points given by it lie on reasonably smooth 
curves. 
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Figure 2 shows the behaviour of the weaker 8-lines in this region. For 


tungsten the old values of Allison and Armstrong are used, although it is 


known that they are somewhat vitiated by absorption in the target. 
points for the line 6; are erratic and for no apparent reason. It is hoped that 


experiments to be carried out in this laboratory in the near future will 


of 8; in percent. 





18+ °~Bs a | 
ot °~Ra +~Be 
Oon assumption 84/8, =8/100 < Seomaal -— 
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Fig. 2. Ordinates are the ratio of the intensity of the line in question to that 
Dotted portions are less certain than full line portions. 


give more reliable results. 


course depends on the experimental error within which the ordinates can 
In Fig. 3 the curve for 8; is plotted on a somewhat larger 
scale, and all the points measured (the values in Tables III-IX are averages) 


be determined. 


The chief interest lies in the upward trend of the line L8; and the discon- 
tinuity in its rise between platinum and gold. The reality of this break of 
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are shown. In the same figure is a table of possible electron configurations 
for outer orbits in the elements in question. It is important to note that the 
existence of the break between platinum and gold is independent of any as- 
sumption about the ratio 84/8; as this only effects Tl, Pb, and Bi. 

Discussion of Results. The curve of Fig. 3 is qualitatively similar to those 
obtained by Jénsson for the lines LA2, Ly: (Niy Ny—LiL111) in the 
region around palladium (46) where the Ny Ny levels are filling with 
electrons. In that region the break occurred between Pd and Ag which is 
analogous to Pt and Au in the present case. The rise of intensity of an x-ray 
line with atomic number can be described therefore with some confidence. 
The line does not suddenly appear when electrons first enter the orbit in 
question, but usually before this in the periodic system. For instance the 
line Ky (Siegbahn; K6:) ( Nur Nu1—K) is observed™ as a semi-optical line 
as far down as vanadium (23) whereas electrons do not exist in these N- 
orbits in the normal state until gallium (31). Whether or not there is an 
upward jump when electrons first enter the orbit in question in the normal 
state has not been experimentally settled. It would seem difficult to do so 
since the total intensity is so low in this region. The relative intensity then 
increases up to the point where the level is filled. Here there is a sudden 
upward jump, but the full intensity in not reached at this point and a further 
increase with atomic number takes place. It must be remembered that there 
are some lines which apparently decrease in intensity with increasing atomic 
number, namely y4, Ys, 83 in the L-series. 

The curve in Fig. 3 corresponds well with the optical data. McClennan 
and McClay™ have found that the lowest term of the Pt arc spectrum is 
3F which makes the outer electron configuration different from Pd and similar 
to Ni. This means 8 electrons in the 5; orbits of Pt and 10 in the same orbits 
in Au, and the filling of these orbits at this point. 

In the case of palladium, the conditions are somewhat different.* The 
arc spectrum of palladium has been investigated by McClennan and Smith.” 
They have found that the lowest term is 1S») corresponding to 10 electrons in 
the 4; orbits. There are, however, other energy levels lying near this such 
as *D whose energy difference is of the order of 0.9 volt-electrons from 'Sp. 
It is thus seen that Pd may be regarded as a rare gas with very small 
resonance potentials. At first thought it might seem that the optical data 
demand a break in the Ly; or LB. curve between rhodium (45) and palladium 
(46), whereas Jénsson’ found the break between Pd and Ag (47). This dis- 
crepancy is considered to be due to the fact that the optical data deal with 


12 Allison and Armstrong, Phys. Rev. 26, 714 (1925), see Fig. 3, p. 722. 

13 McClennan and McClay, Trans. Roy. Soc. Canada 20, 201 (1926). Professor Shenstone 
has recently informed the author that the lowest term as assigned by McClennan and McClay 
to the platinum atom is probably incorrect, and that there are 9 electrons in the 5; and 1 in 
the 6, levels. It is clear however that the intensity data in this paper are not directly con- 
nected with electron configurations in the lowest levels of gaseous atoms. 
4S. K. Allison, Phys. Rev. 32, 1 (1928), see footnote p. 8. 
1% McClennan and Smith, Proc. Roy. Soc. A112, 110 (1926). 
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isolated atoms in a gas; the x-ray data with atoms under van der Waals’ 
forces in solids. This view would predict also that the intensity of the criti- 


K I 
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Fig. 4. Term diagram for x-rays showing lines in the K, L and M-series. Numbers at 
the top of each division represent relative intensities according to the Burger-Dorgelo rules. 
Dotted lines are ones not yet measured. There is an error in the similar diagram published 
in the previous paper on uranium. 


cal line on the high atomic number side of the break should vary greatly 
with the state of chemical combination of the atom. 
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THE VECTOR COUPLING IN THE NICKEL-, PALLA- 
DIUM-, AND PLATINUM-LIKE SPECTRA 


By J. E. Mack! 
Palmer Physical Laboratory, Princeton University 


(Received April 8, 1929) 


ABSTRACT 

Spectroscopic data.—The 5d%6s and 5d%6p configurations are identified among 
the known levels of Pt I, and partly identified in Tl IV and Pb V. The lines observed 
in the condensed spark discharge of thallium \868 to 41070 and lead 4477 to 41280 
are listed. 

Vector coupling.—The relative energies, line intensities, and g-values of the levels 
of the d°s and d°p configurations of the sequences Ni I-Ge V, Pd I-Sn V, and Pt I-Pb 
V show a gradual transition from LS or Russell-Saunders coupling to jj coupling with 
increasing atomic number and increasing net charge. In the “pure” jj coupling the 
levels are arranged in groups (two in d*s and four in d®p). The positions of the d*p 
groups observed for Hg III, Tl IV, and Pb V agree well quantitatively with the 
positions independently calculated for jj coupling with the aid of the Sommerfeld 
regular doublet law. In the d° configuration of T1 1V and Pb V, only levels built upon 
d® 2D. are observed in spite of the fact that the d°3.+ ,2 levels are more stable 
than the d®5/2+ ps levels. 

Correlation of levels, with varying principal quantum number and varying nuclear 
charge.—In several cases among the spectra under consideration, levels of the same 
J-value cross when relative energy in a configuration is plotted against nuclear 
charge in an isoelectronic sequence. These levels, except in one case, happened to be 
recognizable on both sides of the “crossings” on account of their approximately normal 
intensities. But in general, correlation of levels and crossing or non-crossing in spec- 
tral series or isoelectronic sequences appears to be without meaning, for it necessitates 
considering quantum numbers or nuclear charges as continuous variables. 


I. INTRODUCTION 


OST of the progress made thus far in the classification of complicated 
atomic spectra, has been made among spectra of the “normal” or 
Russell-Saunders type.2, Roughly speaking, the normal type is characteris- 
tic of all atoms except those “near the right-hand edge” or “near the bottom” 
of the periodic table—that is, of all atoms except those with nearly enough 
equivalent outer electrons to form a complete Pauli shell, or with high atomic 
number. 
Platinum is the extreme case “in the lower right-hand corner” of the 
periodic table. The platinum-like spectra’ are by no means completely 
known; but sufficient progress has been made in their classification to lend 


1 National Research Fellow. 

2 That is, spectra which satisfy approximately Landé’s interval formula and g formula 
(A. Landé, Zeits. f. Physik 15, 189 (1923)) and Russell’s intensity formula (H. N. Russell, 
Nat. Acad. Sci. Proc. 11, 314 (1925)). 

* That is, the spectra of the isoelectronic sequence Pt I, Z=78; Au II, Z=79; etc. 
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interest to a study of them from the viewpoint of the vector model and a 
comparison with the analogous nickel-like and palladium-like spectra. Such 
a study is the main object of this paper; but certain new spectroscopic 
data pertinent to the study will be presented first. 


II. Data* 


This paper will be confined largely to a consideration of the structure 
of atomic states wherein the outer electrons occur in configurations of nine 
d electrons and one s or p electron. The 3d%4s, 3d°4p and 4d°5s, 4d°5p con- 
figurations are already known for five spectra in each sequence.’ The rela- 
tive values of the levels arising from the 5d%6s and 5d°6p configurations are 


* The work of numerial calculation for this paper has been materially lightened by the 
use of a calculating machine secured by this laboratory through the generosity of the Carnegie 
Corporation. 

* Spectroscopic data from the following sources were used in the preparation of this paper 
(2 means list of lines; c, list of levels; i, interpreted list of levels; z, Zeeman effect data): 

Cr V i: R. C. Gibbs and H. E. White, Phys. Rev. 33, 538 (1929). 

Coli: M.A. Catalan, Zeits. f. Physik 47, 89 (1927); H. N. Russell, unpublished data. 

Nil i: K. Bechert and L. A. Sommer, Ann. d. Physik 77, 351 (1925); z, O. Luttig (Peterko’s 
data) Ann. d. Physik 38, 43 (1912); intensities, quantitative measurements, F. Bouma, 
diss. Utrecht, and material about to be published in Dutch, obtained through the courtesy 
of Professor Ornstein. 

Ni II 4: A. G. Shenstone, Phys. Rev. 30, 255 (1927); R. J. Lang, Phys. Rev. 31, 773 (1928). 

Cu I 4: A. G. Shenstone, Phys. Rev. 28, 449 (1926). 

*Cu II iz: A. G. Shenstone, Phys. Rev. 29, 380 (1927). 

Cu IILi: R. C. Gibbs and Alice M. Vieweg, Phys. Rev. 33, 1092 (1929). 

Zn II, Cd II z: G. v. Salis, Ann. d. Physik 76, 145 (1925). 

Zn III 4: O. Laporte and R. J. Lang, Phys. Rev. 30, 378 (1927). 

°Z7n III, Ga IV, Ge V i: J. E. Mack, O. Laporte, and R. J. Lang, Phys. Rev. 31, 748 (1928). 

*Cu-, Hg-, Au-like sequences 71; Ga, Ge, Cd, In, Hg, TI, Pb /: J. A. Carroll, Roy. Soc. Trans. 
A225, 357 (1925). , 

As VI (The paper of P. Pattabhiramiah and A. S. Rao, Zeit. f. Physik 53, 587 (1929), has been 
consulted but its results have not been incorporated in this paper. A criticism is expected 
to appear shortly). 

Pd I c: J. C. McLennan and H. G. Smith, Roy. Soc. Proc. A112, 110 (1926); i: Privately 
communicated by A. G. Shenstone; z: C. S. Beals, Roy. Soc. Proc. A109, 369 (1925) 
(g-values calculated by A. G. Shenstone). 

Ag Il iz: A. G. Shenstone, Phys. Rev. 31, 317 (1928); and private communication. 

4Cd III, In IV z: R. C. Gibbs and H. E. White, Phys. Rev. 31, 773 (1928). 

In III, Sn IV, Sb Vi: R. J. Lang, Nat. Acad. Sci. Proc. 13, 341 (1927). 

Sn Vi: R. C. Gibbs and H. E. White, Nat. Acad. Sci. Proc. 14, 143 (1928). 

«Pt, Au/: F. Exner and E. Haschek (Kayser’s “Handbuch der Spektroscopie,” vol. 6). 

Pt 1: W. F. Meggers, U. S. Bur. Stds. Sci. Papers 20, 19 (1925). 

Pt Ic: J. C. McLennan and A. B. McLay, Roy. Soc. Canada Trans. 20, 1 (1926); i: W. F. 
Meggers and O. Laporte (including Snyder’s data), Phys. Rev. 28, 642 (1926); cz: A. C. 
Haussmann, Astrophys. J. 66, 333 (1927); 

‘Is: A. G. Shenstone and J. J. Livingood, unpublished data. 

Au Ii: J. C. McLennan and A. B. McLay, Roy. Soc. Proc. 112, 95 (1926). 

Au II 4: J. C. McLennan and A. B. McLay, Roy. Soc. Canada Trans. 22, 103 (1928). 

Hg II i: F. Paschen, Preus. Akad. Sitzungsber. p. 536 (1928). 

Hg III i: J. C. McLennan, A. B. McLay, and M. F. Crawford, Roy. Soc. Canada Trans. 
22, 247 (1928); 

%4: R. J. Lang and J. E. Mack, unpublished data. 

Hg !: T. Lyman, Astrophys. J. 38, 282 (1913); G. Déjardin. Ann. de Physique 8, 424 (1927). 
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collected in Table I. The conventional notation’ has a significance some- 
what more limited here than in cases of normal coupling; the discussion at 
the end of this paper should be consulted for its exact meaning. 


TABLE I, The 5d%6s and 5d%6p energy levels of the platinum-like spectra. The 5d%6s levels are 
listed according to energy values ; the 5d°6p levels, according to J-values. The numbers after the values 
of the Pt I levels, are the arbitrary symbols assigned to these levels by Haussmann. 











Ptl Aull Hg III TIIV PbV 

5d%s *Ds 0 0 0 0 0 

8D, 775.9 2601.5 3179 3588 3944 

sD, 10132.0 12726.7 15556 18865 

1D 13496.3 14582.0 18235 21681 25234 
Sd%6p *F, 37590 .7 7 $7455.7 75143 92617 110296 

3F; 34122.1 3  49964.2 62777 74783 86370 

3D; 40970.1 15 59752.1 78750 97217 115744 

IF; 49286.1 33 70660.8 (89637) 

3P, 32620.0 1 48014.0 60699 72582 84043 

3D> 38815.9 10 58138.8 75698 

3Fy 44444.4 21 61620.5 78077 95285 113130 

1D» 51286.9 37 71526.0 91736 

3P, 41802.7 16 58364.5 (75756) 

1P, 49544.5 34  66620.2 83704 100233 ?117075 

sD, 50055.3 36 70668.0 (93626) 

3Po 46433.9 26 67574.5 











Several investigators have recently extended the wave-number system 
of Pt I, which was developed about thirty years ago by Snyder. Meggers 
and Laporte assigned the lowest levels to the configuration 5d%6s, and the 
subsequent Zeeman effect work of Haussmann has confirmed their assign- 
ment. Mr. J. J. Livingood and Professor Shenstone have kindly put their 
unpublished data on the Zeeman effect in the platinum arc spectrum, at my 
disposal; this aid, and the wealth of material now available for comparison 
with other spectra, have made it possible to identify the 5d%6s and 5d*6p 
levels of Pt I. 

In the palladium atom, the levels of the configuration d°p are a good deal 
more stable than any other “odd” levels of the spectrum. In platinum, as in 
nickel, the levels of this configuration are sprinkled among those of the rich 
configuration d*sp, which completely overlap it; but, as we shall see below, 
in platinum the usual criteria for sorting levels have almost completely 
broken down. Fortunately, three guides—first, the expectation of a fair 
degree of smoothness in the relative behavior of the energy levels in the iso- 
electronic sequence; second, the g-sum rule for the behavior of the levels in 
a weak magnetic field; the third, the relative intensities of the transitions 
5d*6s?<—5Sd*6s6p, 5d%6s<—-Sd*6s6p, 5d°6s<-5d°6p (one electron jump) and 


5 The orbital, spin, and total angular momenta of an atomic system as a whole are desig- 
nated by capital letters L, S, J in accordance with a recommendation of the committee on 
spectroscopic notation, Phys. Rev. 33, 900 (1929). 
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5d*6s*«—5d°6p (two electron jump)—were sufficient to allow the 5d%6p levels 
to be sorted from the others, with quite a high degree of certainty. The 
numbers after the values of the Pt I levels in Table I are the arbitrary 
numerical symbols used by Haussmann. 

The levels of Au II were discovered and classified by McLennan and 
McLay. This classification was especially useful in the study of the d%p 


TABLE II. Energy levels and lines of triply ionized thallium, Tl IV. 

















| (5d%5/26s)3 (5d%5/26s)2 (5d°3/26s) 1 (5d%3/26s) 2 
or 5d°6s°D; or 5d°6s*°Dz or 5d%6s*D, or 5d°6s'D> 
0 3588 18865 21681 

(5d%5/26p1/2)2 or 5d°6p'P2 72582 72582(7) O 68995(5)+1 53717(3) 0 50901(3) 0 
(5d%/26P1/2)s 3F,; 74783 | 74784(4)+1 71195(8) 0 53101(5) —1 
(5d%5/26p3/2)4 3Fy 92617 92617(6) O 
(5d%5/26p3/2)2 3F, 95285 95285(2) 0 91684(4) —13 76423(2)+3 73606(5)+2 
(5d%5/26p3/2)s 3D; 97217 97224(4)+7 93623(4) —6 75542(1C?)+6 
(5d%/26pa/2) 1 1P; 100233 96643(3) —2 _ 78553(3)+1 











levels, which again in Au II are considerably more stable than any other 
“odd” levels. 

McLennan, McLay, and Crawford have recently published a classifica- 
tion of Hg III. Most of their levels are confirmed by an independent in- 
vestigation by Lang and Mack; but three (shown in parentheses in Table I) 


TABLE III. Classified lines of triply ionized thallium, Tl IV. 














Carroll This investigation 
ny v Int. v Int. Designation 
1028.55 97224 4 97219 6 d°s8!D;—d°p*D; 
1034.74 96643 3 96655 4 3Do— —s  P, 
1049.48 95285 2 95277 5 3D;— = 8 F 
1068.11 93623 4 93624 5 3Dz— 8D; 
1079.71 92617 6 92622 6 3D3— = 8 Fg 
1090.70 91684 4 91689 5 3D.— = 3 Fy 
1273.03 78553 3 78557 6 1De— 'P, 
1308.50 76423 2 76426 4 3D,\— «3 Fy 
1323.76 75542 1C? 75542 6 1De— 8D; 
1337.19 74784 4 74781 7 3D;— = 3F; 
1358.58 73606 5 73603 7 1De— = F; 
1377.75 72582 7 72579 7 3D3;— = *P2 
1404.60 71195 8 71191 7 3D2— = 4 F; 
1449.37 68995 5 3Dz— = §P 
1861.6 53717 3 3Di— —s 8 P, 
1883.2 53101 5 1ID.— §F; 
1964.6 50901 3 1D,.— 4Pz 








C? Possibly due to carbon. 


were derived from lines which are classified elsewhere or show such great 
wave-length discrepancies that they can not be treated with the same cer- 
tainty as the others. An attempt to find d°p*P,,*Po, 1F;, *D, and higher 
levels in Hg III has been, thus far, unsuccessful. 

The condensed spark spectra of thallium and lead were photographed on 
the University of Michigan’s one meter, 15,000 lines/inch grating spectro- 















graph; the generous cooperation of Professor Sawyer made this part of the 
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investigation possible. 


For thallium, the data are in good agreement with 
Carroll’s in the region of overlapping; since Carroll measured his lines in 
several orders, his values are used. For lead, the new values are preferred 
in the region of overlapping. 
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TABLE IV. Lines of the condensed spark discharge between thallium electrodes (supplimentary 
to Carroll’s \> 1000). 
This investigation This investigation 
Carroll r y Int. Carroll d y Int. 
r A 
468.99 115076 2 955.88 104616 0 
872.06 1146°1 0 956.8 10452 0 
874.87 114303 1 958.36 104345 5 
879.68 113678 0 958.69 104309 5 
903.77 110648 : oY 959.73 104196 2 
904.13 110604 s$¢c 960.16 104149 3 
908 .31 110095 1 960.85 104075 1 
909 . 43 109959 4 962.00 103950 4 
910.35 109848 2 962.87 103856 1 
911.70 109685 2 964.75 103654 2 
912.74 109560 3 965.45 103579 3 
916.93 109060 4 966.60 103455 2 
917.31 109014 5 966.85 103429 5 
919.73 108728 2 967.51 103358 1 
921.6 10851 0 968.55 103247 + 
922.42 108410 1 970.39 103051 3 
924.40 108178 1 974.69 102597 0 
925.34 108068 1 976.00 102459 2 
926.29 107958 2 977 .02 977 .03 102351 8 (977.031 
928.01 107757 3 979.38 102123 0 
929.80 107550 1 989.57 101054 2 
930.80 107435 5 993 .66 993.73 100631 5 
931.15 107394 1 995.5 995.57 100445 2 
931.88 107310 1 1001.50 99850 0 
932.32 107260 1 1002.25 99776 0 
933.11 107168 a 1005 .41 99462 0 
933.69 107102 3 1006.17 99387 0 
934.70 106986 4 1010.35 98976 2d C 
935.61 106882 4 1022.9 9776 0 
936.87 106738 5 1025.85 97480 1 
937.62 106653 2 1030 .07 97081 0 
938.91 106506 1 1031.7 1031.85 96913 2 
940.17 106394 3 1035.42 96579 0 
940.59 106316 2 1036.60 1036.52 96477 4 C? 
941.54 106209 2 1036.92 96439 Ss 
941.99 106158 1 1053.5 1053.50 94922 2 
944.17 105913 20 1054.80 1055.01 94786 0 
944.45 105820 ?0 1058.2 1058.21 94499 1 
945.81 105729 2 1059.9 1059 .98 94341 Od 
948.28 105454 20 1066 .69 93748 1 
948.82 105394 20 1069 .93 93464 0 
950.09 105253 4 
951.50 105097 1 ?0 Existence of line uncertain. 
952.24 105016 1 C Carbon. 
953.57 104869 2 d Diffuse. 
954.57 104759 6 
Tables II and V show the wave-number schemes for Tl IV and Pb V, 
respectively. The alternative notation for the levels is explained on page 
33. For each line, two numbers are given: the intensity, in parentheses, and 
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the difference vob,—Vcaie between the observed frequency of the line and the 
frequency calculated from the values assigned to the levels. The frequencies 


TABLE V. Energy levels and lines of quadruply ionized lead, Pb V. 








(5d%5/26s)s 


(5d%5/26s) 





or 5d°6s°D3; or 5d°6s°D» 
0 3944 

(5d%5/26P1/2)2 or 5d°6p*P» 84043 | 84044(6)+1 80097(3)—2 
(Sd%5/26P1/2)3 3F; 86370 | 86368(8)—2  82427(6)+1 
(Sd%5/26p3/2)4 3F, 110296 | 110296(8) 0 

(5d%5)26p3/2)2 3F, 113130 | 113128(x)—2 109192(6)+6 
(5d%/26p3/2)s 3D, 115744 | 115748(7)+4 111796(6)—4 
(5d°5/26p3/2)1 IP, 2117075 113128(5 —x) —3 





(5d°3/265)e 
or 5d%6s'D» 

25234 
58813(00 Carroll) +4 
61136(00 Carroll) 0 


87892(8) —4 
90510(1) 0 


91843(4)+2 








? Existence of level uncertain. 


of the four thallium lines d°s*D;, *D,.—d°p*F2, *D3 derived from Carroll's 
measurements, show relatively high discrepancies; but a careful remeasure- 
ment of the intervals has verified this classification. 




















TABLE VI. Classified lines of quadruply ionized lead, Pb V. 
Carroll This investigation 
ny Int. r y Int. Designation 
864.0 $ 863.95 115748 7 d°s8D;—d°p*D; 
883.9 4 883.95 113128 5 CD 3F, 
3Do— ?'P, 
894.4 4 894.49 111796 6 3D.— += 8D; 
906.7 7 906.65 110296 8 7D;—- *F, 
915.9 3 915.82 109192 6 3D.— = 3 Fr 
1088 .9 2 1088 .82 91843 4 1ID,— PP, 
1104.8 00 1104.85 90510 1 1Dz— 8D; 
1137.8 5d 1137.76 87892 8 1D,— = #F, 
1158.0 8 1157.83 86368 8 3D3— = 4 Fs 
1190.1 7 1189.85 84044 6 3D3— = * PP 
1213.4 5 1213.20 82427 6 3De— = F; 
1248.6 2 1248.49 80097 3 3D,— = 5 P 
1635.7 00 1ID,— 3F; 
1700.3 00 1ID,— Pz 
d Diffuse. 


Tables III and VI are lists of the newly classified lines. 

Table IV is a list of the lines observed in the condensed spark spectrum 
of thallium, in the region A868 to 41070, supplementary to Carroll's list. 
For the lines not listed, the present measurements are in agreement with 
Carroll’s, with an average discrepancy of 0.04A. Table VII, for lead in the 
region A < 1280 is similar except that here all the lines in the region are listed. 
Hydrogen \1215.680 and Bowen and Ingram’s lines* were used as standards. 
Since it was necessary to extrapolate from A833, the shorter wave-lengths 
in the thallium list may be in error by as much as 0.3A in absolute value. 
The probable random error is about 0.05A. 


6 I. S. Bowen and S. B. Ingram, Phys. Rev. 28, 444 (1926). 
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TaBLeE VII. Lines of the condensed spark discharge between lead electrodes. 
Carroll This investigation Carroll This investigation 
nN Int. ny v Int. Assignment ny Int. ny v Int. Assignment 
474.81 210610 3 839.6 11911 ?0d 
477.75 209314 2 840.99 118908 5§ 
495.92 201645 4 842.33 118718 2d 
497.8 20090 20 842.81 118651 id 
499.39 200244 4 844.84 118366 40 
514.49 194367 2 845.96 118209 4 
529.5 18886 1 847.8 11795 0 
541.11 184805 1 849.6 00 849.57 117707 6 
$42.31 184396 3 852.1 00 851.98 117374 2 
569.77 175509 4 853.07 117224 2 
572.36 174715 3 854.46 117033 0 
648.22 154279 2d 854.9 00? 854.81 116985 ?0 
652.5 153243 3pd 857.8 0 857.63 116600 6 
653.46 153032 ?0 858.91 116427 1 
655.82 152439 3 860.6 11620 20 
689.8 14498 0 862.5 0 862.36 115961 5 
694.35 144020 1 864.0 5 863.95 115748 7 PbV 
703.63 142120 2 0? 703 blend 865.4 11555 0 
706.06 141631 0 867.16 115319 0O 
707.39 141365 1 867.94 115215 0O 
708.97 141050 2 870.5 3 870.44 114884 5 
717.05 139460 1 872.57 114604 2 
718.07 139262 2 879.9 11364 Od 
719.17 139049 1 883.9 4 883.95 113128 5 PbV 
721.46 138608 1 885.0 1 884.98 112997 6 
728.59 137251 4 887.3 11271 1 
739.49 135228 1 888.5 3 888.41 112561 5 
741.89 134791 4 890.8 4 890.78 112261 7 PbIV? 
749.09 133495 3p 894.4 4 894.49 111796 6 PbV 
752.6 13288 1p? 896.10 111595 5 
754.93 132463 4 903.6 3 903.7 11065 0 Cc 
755.73 132322 3 904.17 110599 4 Cc 
760.9 13142 0 904.74 110529 0 
762.85 131087 1 906.7 7 906.65 110296 8 PbV 
764.57 130792 2 908.5 0 908.54 110067 5 
765.74 130593 1 915.08 109280 0O 
767.5 0 767.38 130314 6 915.9 3 915.82 109192 6 PbV 
769.48 129958 4 916.8 0 
771.28 129655 5 918.1 id 917.96 108937 6 
772.51 129448 2 920.4 3 920.32 108658 5 
775.58 128936 63 920.95 108584 1 
781.3 12798 2p 922.5 + 922.48 108403 10 PbIv? 
782.14 127854 4 923.4 1 923.52 108281 2 
783.40 127649 2 924.5 0 924.59 108156 3 
786.48 1 926.32 107954 4 
787.73 2 787.74 126945 4 0 787.716 927.7 3 927.70 107794 6 
790.21 3 790.21 126549 1 0 790.205 930.50 107469 1 
795.35 125731 4 932.3 3 932.23 107270 7 
796.58 0O 796.8 12550 1d 0? 796.665 933.7 Od 933.8 10708 20 
798.79 125189 0d 937.2 2d 937.10 106712 5 
799.76 125076 1d 940.74 106299 1 
800. 37 124942 1d 944.6 00? 
802.07 1 802.03 124684 5 946.4 00? 
802.96 124539 0 953.00 104932 4 
804.8 00? 804.55 124293 1 954.4 5 954.34 104784 6 
806.3 00? 806.09 124056 2 955.5 00? 955.33 104676 3 
807.12 123897 0 959.01 104274 2 
808.40 123701 2 960.93 104066 5 
809.59 123519 3 967.15 103396 4d 
811.8 12319 ?1 970.3 0? 970.28 103063 1 
812.58 123065 4 974.27 102641 2d 
813.26 122962 2 977.0 4 977.03 102351 8 C 977.031 
815.91 1 815.76 122585 3p 978.4 10221 0 
816.96 122405 3 979.47 102096 2 
818.15 122227 2 981.2 0 981.07 101930 6 
819.5 0 819.25 122063 3 982.20 101812 1 
821.32 121728 0O 989.15 101097 3 
822.86 121527 1 991.43 100864 2 
826.1 12105 ?0 995.8 2 995.74 100428 8 
826.9 0 826.72 120960 3 997.0 10030 1 
827.8 0 827.63 120827 2 1002.9 9971 0 
828.63 120681 3 1005.5 1 1005.56 99447 7 
829.32 0 829.28 120587 2 1007 .7 9924 0 
830.3 0 830.10 120467 6 1009.5 9906 1 
834 group 832.7 12009 id 0832blend 1011.05 98907 2d 
834.5 3 834.46 119838 4 0 834.459 1012.5 00 1012.45 98770 3 
835.4 3 835.4 11970 1 0 835 blend 1021.4 00 
836.03 119613 0O 1022.2 00 10. %6 97842 +O 
838.42 119272 1d 1024.30 97628 2 











? (before intensity) Existence of line uncertain. 
Diffuse. 


> Pair 


» Diffuse toward shorter wave-lengths. 
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TABLE VII. (continued) 
Carroll This investigation Carroll This investigation 
r Int. r v Int. Assignment r Int. r v nt. Assignment 
1028.7 10 1028.57 97222 8 PbIV? 1117.4 0 
1030.5 3 1030.36 97054 6 1118.9 00? 1118.60 89397 3 
1032.04 96896 2 1119.9 00 1119.56 89321 4 
1036.3 9650 0 1121.19 89191 3 
1037.02 96430 2 1123.7 3 1123.45 89012 3 
1041.3 3d 1041.10 96052 4d 1131.9 00 
1044.3 9576 2d 1133.2 2 1133.09 88254 5 
1048.9 12 1048.84 95344 12 1137.8 Sd 1137.76 87892 8 PbV 
1051.4 0 1142.9 1 1142.86 87500 6 
1052.3 2 1052.21 95038 5 1145.0 3 1144.83 87349 6 
1053.8 9490 0 1146.6 8722 0 
1056.43 94658 3 1148.3 O 1148.17 87095 4 
1059.3 9440 1 1150.8 8690 «=O 
1060.6 0 1060.63 94284 5 1155.88 86514 2 
1062.8 1d 1062.63 94106 0d 1158.0 8 1157.83 86368 8 PbV 
1068.0 00 1165.1 4 1164.96 86840 8 
1069.2 4 1069.07 93539 8 1167.0 4 1166.89 86698 8 
1070.83 93386 0 1170.75 86415 1 
1072.1 1 1072.05 93279 6 1171.68 85347 2 
1073.1 1 1073.1 9319 0 1174.93 85111 2 ©€1174.922 
1074.7. 3 1074.63 93055 7 1176.0 00 1175.66 85059 4 C blend 
1076.8 3 1076.72 92875 4 1176.32 85011 2 €1176.359 
1079.81 92609 3 1178.47 84856 1 
1080.8 0 1080.85 92520 3 1185.6 6 1185.37 84362 6 
1082.51 92378 2 1190.1 7 1189.85 84044 6 PbV 
1084.12 92241 3 1197.8 2 1197.68 83495 5 
1087.6 1 1087.34 91968 2 1199.5 0 
1088.9 2 1088.82 91843 4 #PbV? 1203.6 3 1203.4 8310 7 
1090.1 0 1089.90 91752 1 1206.6 0 1206.61 82877 3 
1094.3 00 1094.1 9140 1d 1213.4 5 1213.20 82427 6 
1096.5 1d 1096.47 91202 2 1214.21 82358 ?1 
1097.34 91129 0 1215.8 2 1215 plate broken here H 1215.680 
1098.4 Od 1098.37 91044 6 1231.3 1 1231.15 81225 Sd 
1098.7 9102 0 1233.6 3 1233.53 81068 5 
1099.2 1d 1247.39 80167 0 © 1247.391 
1100.46 90871 2 1248.6 2 1248.49 80097 3 PbV 
1103.6 Od 1103.7 1 6d 1250.6 4 1250.36 79977 6 
1104.8 00 1104.85 90510 1 1258.19 79479 20 
1105.6 00 1260.94 79306 2 
1108.7 1 1108.40 90220 5 1264.52 79081 id 
1109.69 90115 3 1266.9 1 1266.64 78949 7 
1111.43 89974 1 1274.6 0 1274.45 78465 5 
1112.89 89856 0 1275.53 78399 2 
1115.0 2 1114.93 89692 7 1279.5 3 1279.31 78167 6 
1116.2 4 1116.09 89598 7 
TaBLe VIII. Regular doublet screening numbers, Z—Zesy, for shells lacking one d electron. 
Spectrum I II Ill IV Vs X-rays 
3d° 2D 27 Col, etc. | 1232.45a 1507 2070 
13.398 —0.299 13.697 9.182 13.515 
—0.295 0.181 0.145 
3d%4s 3D 28 Nil,etc. | 1508.29 2069.7 2754 3575 4536 
13.698 0.177 13.516 0.146 §=13.370 0.121 13.249 0.088 13.161 
3d%4s2 2p 29Cul,etc. | 2042.9 2719.06 
13.566 0.144 13.422 
3d%4s74p*. 13.0 
4d® 2D 45 Rh I, etc. | 2348.1 3539 
25.171 1.141 24.030 
115 0.457 
4d°55 3D 46 Pdl, etc. | 3529.8 4574.8 5766.1 7108 8620 
24.056 0.483 23.573 0.395 23.178 0.333 22.845 0.293 22.552 
4095s? 2D 47 Ag I, etc. 5634.8 
23.321 
4d°5375p°.... 24 
5d° 2D 77 Ir I, etc. 
5d%6s 3D 78 Pt I,etc. |10132.0 12726 .7 15556 18865 (22.6 - 103) 
44.215 0.982 43.233 0.841 42.392 0.857 41.535 (40.7) 
5d6s* %D79 Aul, etc. |12274 15038 
43.555 0.854 42.701 











a Possibly belongs to the configuration d7s* 


( ) Extrapolated. 
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Table VIII is an extension of a table started by Laporte’ when he applied 
the regular doublet law of x-ray spectroscopy (below, Eq. (3)) to d® doublets 
in the optical region. The doublet or triplet separation, and the screening 
number, are given for every spectrum with a configuration d*, d°s, or d°s?. 
The corresponding x-ray M32M33 and N32N33 screening numbers are in- 
cluded. The regularity of the separations is now recognized as a special case 
of Goudsmit’s [ sum rule.* Separations are given in italic, screening numbers 
in ordinary light face, and screening number differences in bold face type. 

The slight increase in screening which occurs with the addition of an s 
electron (except in the case of Ni II, where the decrease is about as large 
as the probable error) becomes increasingly important with increasing atomic 
number. The addition of a second outer s electron to form a stable shell, 
has naturally more effect on the screening than the addition of the first. This 
property has often been observed in connection with the first order screen- 
ing, that is with absolute term values; here we see it influencing the separa- 
tions. 

The downward slope of the screening number in an isoelectronic se- 
quence also, becomes considerably greater as we go down in the periodic 
table; this fact, combined with the great magnitude of the separations them- 
selves, made the predictions in the platinum-like sequence crude compared 
with those for the lighter atoms. 


TABLE IX. Mean distances (centroid distances) between configurations: d°s—d*p and d!%s —dp. 























Spectrum I II Ill IV V 

3P4s—3P4p NilL,ete. 28740 46705 63247 79459 95550 
17965 1423 16542 330 §8=.: 16212 121 16091 

3d1%4s—3d1%4p Cul,etc. 30700 49063 66313 83169 99875 
18363 1113 17250 394 16856 150 16706 

425s—40°5p Pd L,etc. 28913 43879 $7677 71067 84305 
14966 1168 13798 408 13390 152. 13238 

4d195s—4d195p Ag I, etc. 30165 45790 60080 73894 87557 
15625 1335 14290 476 §©13814 151 13663 

5P6s—5d%6p PtI,etc. 36836 54308 (70600) (86600) (102500) 
17472 (16300) (16000) (15900) 

5d'%Gs—5d1%p Aul,etc. 39902 57571 74032 90190 
17669 1208 16461 303 16158 

() Extrapolated. 


Table IX shows the progress of the “irregular doublet” separation s—p 
for atomic systems built upon the ion configurations d° and d.'° The centroid 
(with each level assigned the weight 27+1) is taken as the best representa- 
tive energy value for the configuration. The regularity of the other sequences 
indicates that the extrapolated values for Hg III, Tl IV, and Pb V are 
probably correct within about 200 units. First differences are in italic, and 
second differences in bold face type. 

The spectra of the systems built upon the ion d® are very much like those 
built upon d'°, so far as the mean differences s— are concerned. The dis- 
tance is about the same for Ni I as for Pd I; but its slope with increasing 


7 QO. Laporte, Phys. Rev. 29, 650 (1927). 
8S. Goudsmit, Phys. Rev. 31, 946 (1928). 


See 
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nuclear charge is much greater in the first sequence than in the second. For 
Pt I the distance is more than one-fourth greater than for Ni I and Pd I, and 
the initial slope is almost as great in the third sequence as in the first; so 
the separation in Pb V is about ten percent greater than in Ge V and twenty 
percent greater than in Sn V. 


III. THE Vector CouPLING 


The absolute energy of an atom with a given net nuclear charge and a 
given electronic configuration may be determined approximately by certain 
well-known laws which apply quite independently of whether the spectrum 
is of the normal type.*® The special interest attached to the spectra we are 
considering lies in the relative behavior of the levels within each configuration. 
Naturally our study is based on the fundamental work of Goudsmit® and 
Uhlenbeck,'® who pointed out the significance of the departures from the 
normal type, from the viewpoint of the vector model, using the 2°3s and 
2p°3p configurations of neon as an example. The configurations d*s and d°p 
are in fact close analogues of the famous example. The nickel-like spectra 
3d°4s, 3d°4p have already been treated in detail, under Professor Laporte’s 
direction.*® We can now study the relative trends in fifteen spectra, in three 
closely analogous sequences. 

First, however, let us glance at two theoretical “pure” coupling schemes.!° 
In the normal, Russell-Saunders, or LS coupling scheme 


(1,12) (siS2) = (LS) =J . (1) 


the atom is characterized by a constant or “quantized” resultant orbital 
angular momentum JL and a constant angular momentum of electronic spin 
S. The subscripts 1 and 2 refer to the ion and the added electron, respec- 
tively. In the jj coupling scheme 


(1181) (les2) = (fij2) =J (2) 


the ion (that is, the whole system except the most loosely bound electron) is 
characterized by a total angular momentum j;; and the electron by a total 
angular momentum je. 

There are three criteria for the empirical study of the vector coupling in 
a complex spectrum: (a) relative energy values, (b) behavior in*a ‘magnetic 
field, and (c) line intensities. The spectra in our sequences will be compared 
among themselves and with these “pure” cases, with respect to these pro- 
perties. 

(a) Relative energy values. Figures 1, 2, and 3 show the relative positions 
of the levels in each configuration. Unit distance for each spectrum is taken 
to be the total separation of the d*s *D (Table VIII). The zero of the figure, 
for each configuration, is arbitrarily chosen at the centroid. 

The LS equation (1) yields, of course, normal triplets and singlets. The 
separations within a triplet are proportional to the higher j-values (Landé’s 

*S. Goudsmit, Zeits. f. Physik 32, 794 (1925). 


10S. Goudsmit and G. E. Uhlenteck, Zeits. f. Physik 35, 618 (1926). 
1S. Goudsmit and C. J. Humphreys, Phys. Rev. 31, 960 (1928). 
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rule’); the relative separations of the several d*p triplets might be deter- 
mined, with the use of one more empirical constant (Goudsmit’s rule”). 
But the theory can not yet tell us the distance between multiplets; it can 
only say, that the distances between certain of them are large compared with 
the unit chosen in the figures. Due to this incompleteness of the theory it 
would be impossible to show the LS case in the figures. 
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Fig. 1. Fig. 2. Fig. 3. 
Relative positions of the levels in each configuration. 


In the jj case, Eq. (2), on the other hand, we have definite knowledge of 
the gross structure of each configuration, at the expense of exact knowledge 
of the fine structure. This definite knowledge of the gross structure is given 
by the Sommerfeld regular doublet law 


a? RZ o¢¢4 
Ay=————__. 
n*](1+-1) 
The d*s configuration splits into two groups; the duplicity arises from the 
doublet nature of the ion d*. The d*p configuration splits into four groups, 
due to the doublet nature of both d® and p.” 


We can easily determine the interval between the states arising in the 
case of jj coupling from the two values j7;=5/2 and j,=3/2 of the ion d® or 


(3) 


12 It was supposed in a previous paper (4b) that the separation due to the p electron would 
be negligible, in this asymptotic case. The authors of that paper are indebted to Professor 
Goudsmit for pointing out this error. 
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minus d doublet, provided j2 be kept constant. This interval is the same for 
both configurations d*°s and d°p (neglecting a slight difference in screening). 
It is simply the total separation of the d*s *D (unity, in the figure); this is 
the special case of the T sum rule, mentioned in connection with Table VIII. 

The calculation of the interval between j2=1/2 and j2=3/2 (with j; 
kept constant) for d*p is a little more complicated. We shall consider two 
cases: large net charge, and small net charge. As the nuclear charge increases 
in a given sequence, the system approaches asymptotically a condition in 
which we may neglect the penetration of the p orbit and the difference 
between Z.¢; for the p separation and Z,.; for the d separation. Then the 
ratio of the p separation to the minus d separation (cancelling the numer- 
ators on the right-hand side of Eq. (3)) is 

3§-2-3/4°-1-2=1.27 for the nickel-like spectra, 
48. 2-.3/5%-1-2=1.54 for the palladium-like spectra, and 
5§-2-3/6?-1-2=1.74 for the platinum-like spectra. 
The relative positions of the several groups of levels for this case, are plotted 
in the figures, in the columns labeled “ ;;”. 

Where the net charge for the outer part of the orbit under considera- 
tion is small compared with the Z.;; of Eq. (3), as it is for the » separations 
of all our spectra, we must use the modification of (3) introduced by Landé 
for penetrating orbits: 


Dives RZ inner? Z outer” ; (4) 
Net°l(L+ 1) 

We can calculate the separation for the d°p configurations of the spark spectra 
of our sequences, by comparison with the principal doublet d'°p ?P separation, 
for the copper-, silver-, and gold-like spectra of the same atoms. It is not 
even necessary to calculate any new screening numbers. The effect of the 
tenth d electron, on the inner effective charge Zjnne, may be neglected; while 
the outer effective charge Z,,1., is given by the roman numeral which desig- 
nates the spectrum. The following table gives the (configuration centroid) 
values of m.¢¢ for the added # electron, calculated from the first two members 
of the s series, uncorrected: 


Nil 1.87 Cull 2.13 


d'%p Cul 1.82 ZnII 2.11 Galll 2.31 GelV2.46 AsV 2.58 
PdI 1.83 Ag II 2.17 


AgI 1.83 CdII 2.16 InIII 2.41 SnIV2.58 SbV 2.74 
PtI 1.72 Aull 2.11 


Aul 1.73 HgII 2.10 TIIII (2.40) PbIV(2.60) BiV (2.77) 











The numbers in parentheses are extrapolations. Whenever this approximate 
mere is known for a d°p configuration, it is almost the same as for the cor- 
responding d'°p configuration with the same net charge. We may use this 
fact in extrapolating the values of ms; for the d° configurations. The errors 
due to the crudity of this approximation will tend to cancel out in the ratio, 
which is all that is needed for our purposes. Let us consider an example. 
For Hg II d'°p the p separation is 9123. For Hg III it will be, by Eq. (4), 
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9123 -3?-2.108/2?-2.40'=15720. The approximate positions of the four 
groups into which the d* configurations would fall for the jj coupling case, 
calculated in this way, are shown by the light lines in the figures, connected — 
with their respective “© ;;” groups. It will be noticed that these calculations 
are completely independent of the empirical d°p separation data. 

Among empirical data, the comparison of energy values is the most 
accurately measurable of the three criteria for the study of coupling; it is 
also generally the first to indicate a breaking away from normal coupling. 
The figures show hardly any indication of similarity to normal spectra, even 
for Ni I, the most nearly normal of all; but we shall see below, that the 
Zeeman effect and line intensity data clearly show the LS character of several 
of these spectra. 

Many of the levels show certain trends with increasing nuclear charge 
in an isoelectronic sequence, and the same trends with constant net charge 
but “passing down the column” in the periodic table; that is, Figs. 2 and 3 act 
something like successive extrapolations to the right, of Fig. 1. This behavior 
is most easily apparent in the simpler configuration d°s. A table started 
earlier® can be extended now, showing numerically the progress of the dis- 
tance d°s *D,.—*D, in the figures; the values are: 


LS coupling: 0.600 
Ni I, Cu II, ete.: 0.448 0.444 0.428 0.407 0.384 
Pd I, Ag II, etc.: 0.337 0.345 0.330 0.309 0.287 
Pt I, Au II, etc.: 0.077 0.204 0.204 0.190 0.170 
jj coupling: 0.000 


Though the trend is not monotonically downward the tendency is unmistak- 
able. 

There is an anomalous break in the d*s *De, D, curves at Pt I. This is 
the only exception to a regularity that persists among all the other known 
triplet-singlet configurations (except where the triplet separation is quite 
small). But the present assignment of d°s levels in Pt I can not be avoided 
without making the anomaly much worse. 

The d*p levels show a decided tendency among the more highly ionized 
members of the palladium-like sequence, to form four groups. The grouping 
there agrees with the calculated jj grouping except that the levels J=4 
and J=0 are too low. Although the data for the platinum-like sequence 
unfortunately are incomplete, the indications are that the configuration 
has arrived at a state of more nearly pure jj coupling. Toward the right-hand 
side of Fig. 3 both of the well-developed groups J/=2, 3 and J=4, 2, 3, 1, 
are relatively much more concentrated than in Fig. 2, and here the quantita- 
tive agreement of the energies with the values independently calculated for 
the 7j coupling (light lines in the figures) is quite satisfactory. 

(b) Behavior in a magnetic field. Table X shows all the g-values available 
for our spectra, together with those calculated for the “pure” LS and jj 
cases: 
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“ 2I (J +1) ’ 2I (J +1) 
TABLE X. Zeeman effect data. 
Calculated Observed g-values Calculated 
5 ij ne i 
ES coupes | Nil Cull Pdl Agll Pt! Sa 
structure gLs a J structure 
16 
d*p'F; 1.00 a? ae Be Fe 1.07=— 3 —d32+pai2 
16 
1D, 1.00 n 37 68.8 «644 1.07 =~ 2 
16 
3D, 0.50 n 0.85 0.52 0.87 1.07=—- 1 
sP, 0/0 0/0 0 
5 
3F, 1.25 n 1.25 1.26 Raz 1.25 =—- 4 —dsj2+Psia 
223 
*:D 1.33 F 3s t.25 2.93 ‘ Sian 3 
3 1.0 4 180 
109 
3F, 0.67 n 0.7 6.92 1.2 1.21 =—_ 2 
90 
11 
1P, 1.00 1.00 n 0.80 1.00 1.24 1.10=—5 1 
23 
3D, 8.47 n 1.00 0.87 0.8 0.7=5 2 —d32t+ pi 
5 
3P, 1.50 n 1.42 1.50 0.9 0.83 =—- 1 
10 
3F; 1.08 n 1.1 1.08 1.21 1.11=—>- 3 —dsj2+ pire 
58 
3P, =—1.50 n 1.50 1.50 1.39 1.29=7- 2 
11 
d*s'D, 1.00 n 1.00 1.03 1.17 1.10=.) 2 —ds2t+Si/2 
1 
3D, 0.50 n 0.50 0.50 0.50 0.50=-- 1 
16 
3D, «1.17 n 2.33 £.13 tA 1.07=—— 2 —dsi2+Si/2 
4 
3D; = 1.33 n 43 8.3 1.3 1.33=— 3 
n Normal, within probable error of 0.1. 
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The empirical values were derived in a few cases from blends, by Russell and 
Shenstone’s method; but usually from resolved patterns. 


TasLe XI. Intensities. 


The largest 












































3d4s 3D3 *De *Dy De 
CrvV 
3d4p'F4 8 
3F3 0 7 —_ 
3Fe —_— 06— 
3D; 7 1 _ 
3 Do 3 5 i— 
3D, 24— 
3P, 7 5-_-_-— 
3P, 5s 3— 
3Py 3 
IF; _-_ — 7 
= — 0 0 6 
1 — — 3 
d°s |} 3Ds *D2 3D, De | 3Ds 3Dy Dy De | 3Ds 3Dy Dy 'De 3Ds *Dz *D, 'De 
Nil Cull Zn Ill Galv* Ge Vt 
3d°4p'Fy | 9.5 10 8 8 7 
3F3 | 6.6 8.6 7.8 4 10 6 4 5 4 5 8 2 5 5 0 
3Fg 10.9 5.2 9.1 2.7 a | 4c § S$ 2 a i — 4 5 0 
3D3 | 6.6 6.4 6.5 $— 9 i-_ 5 5 0 8 5s 0 0 
3D. | 0.7 10.0 5.2 5.0 ‘24 2 3 1 4 4¢ 4 * ¢ 2 s - 6 3 5 
3D; 0.1 8.8 0.2 2 7 4 3 3 4 ae a 2 4 O 
3P, 110.0 5.3 1.0 0.4] 10 5 2 7 :& 2 2.4 . 2 & a 6 0 0 0 
3P; 8.6 6.7 1.0 Ss & 3 5 4 4 . 2 4 8 1 4 
3P, 7.0 5 4 3 5 
IF3; | 5.0 5.5 12.4  * 6 4 3 5 5 § 9c 6 6 § 5 
1D, | 0.3 1.3 0.2 9.3 .: 2s. 3 3 44 4 : 23 @ 3 2 3 4 8 
1P; 4.0 1.7 10.6 1 5 2 s 0 2 6 — 1 4 
Pdl Agll Cd IIt44 In IVéd SnV 
4d°5p*F 4 10 10 8 8 . 
3F3 5 10 2 > + 8 6 8 4 3. 5 1 3. 6 2 
3Fo | — oO 5 2 — 5 7 8 wes sg . £2 2 @ 0 5 2 4 
3D; 10 3 2 2 2 8 ss 5 5 4 _ 6 2? 2 
3De 1 5 2 2 a: 8 @ Ff ee 14 4 2 ? 6 5 4 
3D; 2 3 2 ; 64 8 4 5 2 : 4 8 3 4 1 
3P. | 20 1 0 si m8 2 8 a a a 6? — 3 8 ? — 1 
3p) 10 1 1 se 66 . 2 2 41 1 a: 
3Po 3 7 4 4 4 
IF; 1 3 5 > 4 8 s 4 6 .. 2 s 4 6 
1D, 1 2 3 2 -— = a ses 6 § i & & = . £ & 
1p; 0 3 2 ; 2 2 4 5 ; 2 ¥ 2 2 
Pt Ite Aull Hg I1I4¢e TL IV PbV 
5d°6p°F4 10 10 10 6 8 
3F3 7 10 = 8 9 6 8 8 3 4 8 5 . 6 0 
3Fy 0 1 3 2 .s ££ Fs .’ 68 7 : € & s Sc 6 8 
3D3 2c 3c a 4 8 9 4 4 4 lc 7 6 1 
3Do 3 3 1 2 a ae . 2° 2 «6 
3D; 0 1 1 sy 3 
3Pp | 17 3 1 1} 10 7 2 6 . + 6 a zz a 6 3 0 
3P; 1 3 — ; & F 
3Py 1 6 
IF 0 2 1 os 9 
1D, 0? 0 1 1 4 6 6 7 be. Bog 
1P; _ 0 1 oo ia 6 S 6 3— 3 ?Sc¢ 24 
— Permitted line missing. 
c Line also classified elsewhere. 
? (before intensity) Existence of level uncertain. 
? (elsewhere) Existence of line uncertain. 
probable errors (depending on blends) are about 0.1, but for most levels 
the probable errors are in the neighborhood of 0.03. In the interesting cases 
13 A. G. Shenstone, article forthcoming in Phil. Mag. 
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of multiply ionized atoms the lines lie in the ultra-violet, generally beyond 
the reach of present day Zeeman-effect technique. 

If only the g-values were considered, clearly the designations *D, and 
1D, of the d°s configuration of Pt I would have to be interchanged. Similarly 
in the case of several of the d*p levels the g’s pass somewhat beyond the 
asymptotically expected values. Marked transient disturbances, too, occur 
in the intermediate coupling cases of Cu II J/=3 and Pd I J/=1. But for the 
rest, there appears to be a trend toward the g;; values. 

(c) Line intensities. The evaluation of relative intensities is especially 
difficult for the heavy atoms, because of the large separations of related levels. 
For Pt I, for instance, the transition d°sd*p extends from the green to the 
edge of the Schumann region; one “multiplet” *D—*D covers the range from 
A3485 to A2028. 

Table XI shows the relative intensities in our spectra, along with those 
for Cr V 3d4s—3d4p, which is inserted as an example of a normal-type com- 
plex spectrum for a many times ionized atom. The intensities for some 
spectra have been multiplied by a factor so that the numbers for the several 
spectra are of the same order of magnitude. 

Where the lists of several investigators are available for the lines of an 
element, even the best show wide disagreements in intensity, particularly 
in the Schumann region. For instance, the two available lists give the 
following intensities for the “multiplet diagonals” *D;—*F,;, *D,—*F;,, etc., 
of In IV: 

Gibbs and White: 15, 10, 6; 10, 8, 7; 12, 7, 7 
Carroll: 5. 623: §,-.4; 2, §, 3. 


(The dash, -, indicates that the line *D.—*Dz is missing in Carroll’s list, al- 
though it lies in the region reported by him.) It is impossible then in the 
present state of our knowledge of intensities, to distinguish between two 
influences: the crudity of the data, which has introduced spurious apparent 
changes; and actual changes in the character of the levels, which probably 
have influenced the relative intensities. 

But at least we can say that in only three of our spectra, Ni I, Pd I, and 
Ag II, is the evidence of the intensities sufficient for the unambiguous assign- 
ment of complete names (including multiplicities and L-values) to the levels 
in these spectra. As examples of the ambiguities, the cases of *D3 and 'F; in 
the nickel-like spectra and *F, and *D, in the palladium-like spectra are in- 
structive. 


IV. Discussion 


Significance of the jj coupling. Three kinds of terms contributing toward 
the total energy, play important réles in the relative separations of the 
levels of a configuration: first, the mutual spin interaction energy term™ 


4 From the viewpoint of this vector model discussion it is immaterial whether the terms 
discussed are interaction terms in a strict sense, or not. Large (s:s,) interaction, for instance, 
means here simply that levels whose vector pictures differ only in the resultant of s; and s 
have greatly different energies. 
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whose importance in normal spectra is represented by the close coupling or 
association of the spins (s;s;,) in Eq. (1); second, the mutual orbital inter- 
action (/,1;,), which shares the importance of (s;s,) in Eq.(1) ; third, the orbit- 
spin interaction (/;s;), which determines the multiplet separations or more 
generally the Goudsmit y’s.* This last term is small for normal coupling, 
but becomes predominant in the case of jj coupling, Eq. (2). (The small 
(lis), 4 term may be neglected except for extremely light atoms.") 

We were able to solve quantitatively for the asymptotic behavior of the 
separations in the j7 case, because the predominant (/;s;) contribution (the 
Av of Eq. (3)) is given by the solution of the one body problem. There is no 
such quantitatively useful theoretical expression yet for the (J,;/;,) or (sjsx) 
terms. It is an old empirical fact, that the (sjs,) term (the “triplet-singlet 
distance”) depends only slightly upon the atomic number, so that we were 
prepared to find the (s;s,) interaction small compared with the fourth-power 
dependence of the (/;s;) term for the more highly ionized members of an 
isoelectronic sequence, as well as for the heavier members of a column in 
the periodic table. The jj-like behavior of Tl IV and Pb V gives us the new 
empirical fact that here the (/;/,) term also is small compared with the (J;s;) 
term. 

Non-occurrence of certain expected levels. Possibly the fact that only the 
levels built upon the lower level d® ?D;,2 have been found for the d°p configura- 
tion of the spectra shown toward the right in Fig. 3, in spite of the stability 
of the missing d°?D3,2+ p *P1;2 levels, indicates a relatively high probability 
for levels built upon the more stable state of the ion. This is analogous to 
the occurrence of only the lower levels in the configuration 6p6d of Pb I; 
though the latter case is complicated by the relatively low ionizing potential 
of Pb I. 

Naming the levels, and coordination of levels. The conventional notation, 
which has been used here, assigns an electronic configuration and quantum 
numbers J, L, and S to each level; that is, it is exactly suited to the descrip- 
tion of normal spectra. We have seen that although the configuration and 
J-value are quite definite, for some of the levels in our spectra all the criteria 
for the assignment of L and S have broken down; there is no evidence that 
these symbols retain any meaning, in these cases. If we are to endow the 
symbols with a meaning, we must postulate that L and S would assume the 
assigned values, if the level were traced through a continuous change of 
coupling to the normal. In many of our cases it would be more natural 
to use a notation based on j, and j; (Table X, last two columns). Such a no- 
tation is used as an alternative, in Tables II and V. 

The comparison of one spectrum with others in its column of the periodic 
table, and especially with others in its isoelectronic sequence, is a means 
frequently used in the naming of energy levels; it is only by this means that 
the levels newly named in this paper, could have been named according to 
the usual notation. The fact that levels of the same name are approaching 


18 W. Heisenberg, Zeits. f. Physik 39, 499 (1926). 
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the same grouping in both Figs. 2 and 3 (for instance: *P2, *F3~d%/2 p1,2) 
is worth noting but probably not very important, as it might naturally have 
been expected from our extrapolative way of choosing the names. 

The problem of naming levels is closely related to that of coordination. 
Hund" has recently advanced the conjecture that except where symmetry 
considerations demand it, levels do not cross each other. Figures 1 and 2 
show three instances of levels with the same J, crossing: *Dz, and *F2 near 
Ni I, and *D, and 'P; near Zn III and again near Ag II.'’ But in order that 
the idea of “crossing” in general have meaning, it is necessary to identify a 
level at two points, between which it is “to cross” or “not to cross” another. 
We must treat the energy as a function of a continuous parameter. In 
questions of spectral series it is the dependence upon principal quantum 
number which is at issue; and in isoelectronic sequences, dependence upon 
electric charge. But the discreteness of quantum numbers lies at the very 
root of quantum mechanics; therefore it appears that coordination of levels 
to series limits, in general, is without physical meaning. Likewise there can 
be little serious doubt that the discreteness of electric charge is as deeply 
founded, although the present-day equations contain Ze as a: continuous 
parameter. It is therefore doubtful whether the giving of “normal” names to 
levels has any meaning except in special cases. 

Note added to proof, May, 1929. Professor Hund explains that the crossing 
of levels is never in disagreement with his conjecture, when supported by 
experimental evidence such as that of the intensities here; for, any such ex- 
perimental evidence reveals a symmetry property of the system. The non- 
crossing conjecture may best be treated, then, simply as a convention for 
naming levels where experiment does not distinguish sharply in character 
between them. 

Note added June 27, 1929. K.R. Rao, Phys. Soc. London Proc. 41, 
361 (1929) has classified Tl IV independently, using Carroll’s data. Rao 
gives sixteen levels, of which six agree with six of the ten in this paper. 
Rao’s d*s*D,;=18614 makes Table VIII look better (s=41.666) than at 
present, but its existence depends largely upon that of the unverified 
levels above 100,000. Figure 3 of this paper decides in favor 92617 (Rao’s 
alternative) for d°p*F;. 


1% F, Hund, Zeits. f. Physik 52, 601 (1928). 

17 Of course it would have been possible to connect the levels in the figures so that no 
two lines connecting levels with the same J, should cross. But these “crossing” levels, on the 
whole, retain nearly normal intensities, and the evidence of the intensities as well as the 
naturally expected curve smoothness, is in favor of crossing. (But for d°p*D,, \P; the nearly 
equal intensities in Zn III and nearly equal intensities and g-values in Pd I are interesting. 
The naming of Pd I d°p *D,,'P, is almost purely arbitrary.) On the other hand, Shenstone 
(4a, 13) has shown that if relative energy is plotted against total quantum number in any 
known d’, s series, these criteria of intensities, g-values, and smoothness (in this case, fitting 
a Rydberg-Ritz formula) indicate non-crossing. 
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STUDIES ON THE SPECTRA OF Cu I, Cu II, AND 
Mn II By MEANS OF A VACUUM 
TUNGSTEN FURNACE 


By O. S. DUFFENDACK AND J. G. BLAcK 
University of Michigan 


(Received March 25, 1929) 


ABSTRACT 


New design of a high temperature vacuum tungsten or molybdenum furnace. 
A high temperature vacuum tungsten furnace for the study of the spectra of ele- 
ments having high boiling points is described. 

Absorotion spectrum of Cu.—All previously observed absorption lines of Cu in 
the range of the quartz spectrograph were observed and in addition six new lines from 
the 3d°4s level as follows 2618.381, 2824.375, 2882.81, 2961.177, 3010.840, 3194.103. 
CuH bands were also observed in absorption. 

Excitation of Cu I spectrum by resonance absorption.—Light from the furnace 
walls excited Cu atoms to the *P state with the subsequent emission of 3247, 3274, 
5106, 5700, 5782. With the walls somewhat cooler these lines were brought out 
when the vapor was exposed to intense radiation from the outside. 

Excitation of Cu II and Mn II spectra by collisions of second kind with rare 
gas ions.—A-Cu mixtures at 25 volts failed to develop the Cu II spectrum. From 
Ne-Cu mixtures at 25 volts the lines from the 3d°5s state were much stronger than 
those from 3d*4p. Theory shows that in A-Mn, Ne-Mn, and He-Mn mixtures the 
spectrum of Mn II should be excited to the extent of 64800, 113400 and 138500 wave- 
numbers respectively. The strong (3d°4p)’P —(3d°4d)’D multiplet should be excited 
in Ne-Mn mixtures but not in A-Mn. This was verified experimentally. An analysis, 
similar to that of Russell, of the Mn II spectrum is given. 


HE purpose of the work described here was to develop a high tempera- 

ture vacuum furnace for the study of the atomic spectra of the elements 
having high boiling points and to demonstrate the adaptability of the furnace 
to these studies by using it to secure new information regarding such ele- 
ments in a variety of ways. 

In the analysis of the spectra of the elements, each group offers diffi- 
culties peculiar to itself and the chief difficulty with the more refractory 
elements is that of obtaining them in the vapor state under controllable 
conditions. From time to time various types of furnaces have been designed 
for this purpose. Thus King', in 1907, described a furnace which consisted 
of a thin horizontal tube of graphite, heated by a current of about 1500 am- 
peres and enclosed in a chamber which could be evacuated to a few milli- 
meters of mercury. Zumstein? did considerable work on absorption spectra 
by using a horizontal tube of carbon mounted under a ventilating hood and 
heated by a blast from a large oxyacetylene blow-torch. He made no attempt 
at evacuation. The metal was vaporized in air at atmospheric pressure 

1 King, Astrophys. J. 28, 300 (1908). 

2 Zumstein, Phys. Rev. 27, 562 (1926). 
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unless the oxidation was too great, in which case a stream of nitrogen or 
hydrogen or illuminating gas was passed through the tube. McLennan and 
McLay® also worked on absorption spectra and used a furnace consisting 
of a horizontal carbon tube which acted as the upper electrode of a carbon arc, 
the lower electrode being touched to the center of the upper and an arc 
maintained between them. 

Duffendack‘ used a tungsten furnace in studying the critical potentials 
of atomic hydrogen. A large percentage of dissociation of Hz was obtained 
thermally in such a furnace. It consisted of a thin horizontal tube of tungsten 
clamped between heavy water-cooled leads and heated by an electric current. 
It was enclosed in a vacuum chamber. A similar furnace has been used by 
Olmstead and Compton.’ The furnace used in the present experiment was 
very similar to that used by Duffendack. 


APPARATUS 


A diagram of the apparatus is shown in Fig. 1. A sheet of tungsten or 
molybdenum about 0.001 inch thick was rolled intoacylinder about 2 cm 
in diameter and 9cmlong. This is shown as C in the drawing. It is clamped 
horizontally between two heavy water-cooled copper rods and heated by a 
large current from the low voltage transformer shown at the bottom of the 


1 
jewater outlet Lov. 
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Fig. 1. Tungsten furnace mounted in a water-cooled vacuum chamber. 


figure. The rods extend upward through collars in the base of the large cham- 
ber shown and are insulated from this base plate by thick collars of Pyrex 
tubing sealed on with deKhotinsky cement. The tungsten cylinder is so 
adjusted that its axis is in line with the centers of the two quartz windows 
W. These windows are sealed on with cement. 

3 McLennan and McLay, Trans. Roy. Soc. Can. Sec. III. 89 (1925). 


* Duffendack, Phys. Rev. 20, 665 (1922). 
5 Olmstead and Compton, Phys. Rev. 22, 559 (1923). 
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Extending through the cylinder near the top is shown a tungsten filament 
of 12 mil wire with a few turns at the center. This filament serves as the hot 
cathode for the low voltage arc studies; electrons being accelerated from it 
to the trough which holds the metal. This trough is supported by two other 
water-cooled leads, insulated from the base, and of the same size as those 
supporting the furnace. 

A water-cooled vacuum chamber surrounds the furnace and is sealed to the 
base plate with a laboratory wax known as “Picein.” The inside of the water- 
cooled chamber is made of a tube of seamless cooper 6’’ in diameter, 7” 
high and 3/16’’ thick. The bottom and top are of pure copper plate and the 
top is soldered on. The inside of the cylinder is heavily nickel-plated as an 
increased precaution against diffusion of gases and water vapor through the 
walls. The reason for using copper is that brass is porous to water vapor. 
The outer water jacket is made of brass. A circular hollow brass collar is 
soldered to the base plate just below the point at which the chamber is ce- 
mented to the base and cold water circulating through this prevents the 
Picein from softening. 





Fig. 2. Details of mounting of tungsten furnace. 


Through the cylindrical furnace near the base may be seen a horizontal 
trough on which rests the metal to be studied. This trough is supported by 
insulated arms not shown in the figure and is grounded to the base plate. 
It is made of a strip of 5 mil molybdenum or tungsten about 1.5 cm wide and 
10 cm long, bent into the shape of a trough. The details of this may be seen 
in Fig. 2. When the furnace is used for a low voltage arc discharge this 
trough is held at a positive potential with respect to the filament and serves 
as the anode. 

In the absorption work on copper, a few grams of copper selected from 
Baker’s Analyzed Chemicals were placed in the trough, the chamber was 
placed on and sealed and the system pumped out thoroughly. The furnace 
was then heated and the absorption spectrum taken in the usual manner. 

The pumping system was of the usual type, consisting of a two-stage 
mercury vapor condensation pump backed by a Hyvac oil pump. A McLeod 
gauge was used to read the pressure and a pair of mercury cut-offs facilitated 
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letting in gases when desired. A small pressure of hydrogen was used to de- 
crease the diffusion of metal vapor to the windows and helium, neon, and 
argon were used in the work of ionization and excitation by positive ions. 
Absorbable impurities in the helium and neon were removed by an activated 
cocoanut charcoal trap immersed in liquid air. To purify the argon a “getter” 
consisting of a bundle of sticks of misch metal was used. 

The method of mounting the furnace tube is important. It is obvious 
from a glance at Fig. 2 how the ends of the cylinder of tungsten were split and 
flared into a fan shape so as to permit clamping with the soft steel clamps 
shown. Some trouble was experienced by the condensation of copper on 
these clamps. The current which flowed through this cylinder varied from 
150 to 375 amperes, depending upon the temperature desired. When it was 
necessary to be very careful of the temperature it was measured with an 
optical pyrometer. Such was the case in the work on the excitation of the 
copper spectrum by photoelectric action. When the furnace cylinder burned 
or melted in two, about one hour’s time was required for replacing it and 
getting the vacuum pumps into operation again. 

The continuous light for the absorption experiments was furnished by 
a Tesla spark between tungsten electrodes in distilled water. This gave a 
beautiful continuous spectrum from the red to 2240A. 


ABSORPTION STUDIES ON COPPER 


The first attempt at an adaptation of the furnace toa problem of atomic 
physics was in a study of the absorption spectrum of copper vapor. Copper 
was chosen because of its relatively high boiling point and because we could 
use it to compare the furnace with others which had been used in absorption 
studies on the same element. The classification of these lines by Shenstone® 
was used in the interpretation of the results. 

The normal state of Cu I is a *S state. Taking this as zero we find next 
metastable *D; and *D, states at 11202.5 and 13245.4 cm™ respectively while 
*P levels come at 30543.1 and 30782.8 cm~'. The chief interest for our ab- 
sorption work lies in the 2D levels. It should be remembered that in absorp- 
tion by “cold” vapors only lines from the normal state are absorbed, since 
all of the atoms are in this state. If the temperature of the vapor is increased 
however, higher energy states will be occupied and absorption may be ob- 
tained from these states. 

All the absorption lines of copper which have been observed from the 
normal state had been obtained previous to the work of Zumstein. He was 
able to obtain nine absorption lines from the (3d°4s)?D state, using the tem- 
perature obtainable with the oxyacetylene blow-torch. He was also able 
to absorb the bands of copper-hydride by passing a stream of hydrogen 
through the vapor. 

Using the tungsten furnace described here we were readily able to ob- 
tain all the previously observed absorbed lines within the range of a quartz 
spectrograph and in addition six new lines from the 3d%4s level, as follows :— 


6 Shenstone, Phys. Rev. 28, 449 (1928). 
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2618.381, 2824.375, 2882.81, 2961.177, 3010.840, 3194.103. There also ap- 
peared a nice absorption of the copper-hydride bands. 


EXCITATION OF THE Cu I SPECTRUM BY ABSORPTION OF 
RESONANCE RADIATION 





We next attempted to excite the emission spectrum of Cu I by the ab- 
sorption of resonance radiation. The necessity of attempting to excite the 
copper spectrum in this manner arose when we obtained certain Cu I lines 
in emission while trying to get the 5700, 5782 lines in absorption. 

Since we were using a temperature close to the melting point of tungsten 
in order thermally to obtain a large number of metastable copper atoms, the 
furnace wall was emitting light whose short wave-length limit was about 
2500A. We were thus subjecting a large number of atoms to radiation of re- 
sonance wave-length. These atoms were thus excited to the ?P, state and 
any lines representing transitions from this state to the 12S or *D should 
appear in emission. We were thus able to obtain the lines 3247, 3274, 5106, 
5700, 5782 in emission. 

The fact that these lines appear thus in emission probably explains the 
difficulty encountered by Zumstein in absorbing the 5106, 5700, and 5782 
lines, because there were probably as many electron transfers from ?P down 
to *D as from the 2D up to ?P. With special effort he obtained 5106 asa 
narrow line but could not get 5700 and 5782. The line 5106 was obtained 
as a narrow, sharp absorption in our work, but the 5700 and 5782 lines 
failed to appear. 

Reflections upon the theory of impacts of the second kind lead to inter- 
esting modifications which might be made in absorption experiments. For 
instance, it is theoretically possible that the hydrogen which we used _ to 
reduce the diffusion of the metal vapor inside of our furnace was able at 
the higher temperatures to increase the populations of the ?P levels by col- 
lisions in which the atomic hydrogen excited the copper to the *P state. 
Such an action has been observed by Mohler’ in the excitation of metallic 
spectra by atomic hydrogen. This would account for some of the radiation 
which registered as 5106, 5700 and 5782. 

To return to the discussion of the present experiment—the walls of the 
furnace had been very hot during the absorption experiments and it was 
necessary to cool them so as to make sure that they were not emitting the 
resonance lines of copper while at the same time keeping them hot enough 
to furnish a supply of copper vapor. Maintaining them at such a tempera- 
ture we photographed the spectrum emitted by the vapor when no resonance 
radiation was allowed to enter the vapor and on the same plate we took an 
exposure when an intense beam of continuous radiation entered the vapor 
from a direction at right angles to the optical axis of the collimator of the 
spectrograph. In the first case we obtained no evidence whatever of the emis- 
sion of copper lines while in the second case there appeared strong lines at 
the wave-lengths mentioned above, 3247, 3274, 5106, 5700, 5782. Precau- 


7 Mohler, Phys. Rev. 29, 419 (1927). 
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tions were taken to keep the total power input into the furnace slightly 
lower in the second case than in the first in order to be sure that the vapor 
which was not illuminated had fully as high a temperature as the illuminated, 
and for the same reason the temperature of the furnace as registered on an 
optical pyrometer was kept slightly lower in the second case. 


EXCITATION OF THE Cu II SPECTRUM BY POSITIVE 
RARE GaAs Ions 


We next applied the furnace in a test of simultaneous ionization and ex- 
citation by positive ions. It has recently been demonstrated by Smyth and 
Harnwell® and Hogness and Lunn’ that a positive ion of one ionizing poten- 
tial may, upon collision with a neutral atom or molecule, rob it of an elec- 
tron, provided its ionization potential is lower. They used the method of 
Dempster’s positive-ray analysis. 

At the same time Duffendack and Smith '° were performing an experi- 
ment which involved the ionization by contact with positive ions and which 
dealt with the disposal of the excess energy at such collisions. They showed 
that positive helium ions could, upon contact with CO molecules, ionize them, 
and spend the residual energy in exciting the ion formed. They were thus 
able to excite the bands of CO*. Their experiment differed from the others 
in that they were concerned with the excess energy at collision and showed 
that the excess energy after ionization went to excite the ion formed. 

It was thought advisable to make atest of this type of energy transfer 
in metallic vapors, which are monatomic. Since the first spark spectrum of 
copper had been analyzed," the method was tried in copper-helium, copper- 
neon and copper-argon mixtures. 

The excess energy made available in the reaction 


Het+t+Cu =Cut++He is 24.5 —7.8 = 16.7 volts 
Ne++Cu =Cut+Ne is 21.4—7.8 = 12.6 volts 
At +Cu=Cut+A is 15.4—7.8= 7.7 volts 


Reference to the energy levels of Cu II, Fig. 3, will show that helium 
ions should be able to excite any levels in the Cu JJ spectrum which are below 
135270 wave-numbers. Neon ions should excite any levels below 110160 
wave-numbers and should show the lines from the 3d°4p configuration. 
Argon should, however, only be able to reach 61560 wave-numbers and the 
lines from the 3d°4p levels should not be developed in this type of mixture. 
Such was found to be the case, and thus the conclusion of Duffendack and 
Smith that the excess energy went into excitation of the spark spectrum 
was confirmed in the case of monatomic molecules. 

As for the experimental work, this consisted in outgassing the system 
and then introducing 3 millimeters of argon. The filament was next lighted 


8 Smyth and Harnwell, Nature Jan. 15, (1927). 

® Hogness and Lunn, Phys. Rev. 30, 26 (1927) See also a succeeding article in this journal. 
10 Duffendack and Smith, Nature 119, 743 (1927). 

11 Shenstone, Phys. Rev. 29, 380 (1927). 
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and then the furnace, so that after a few seconds a mixture of rare gas and 
copper vapor filled the furnace tube. 

An accelerating potential difference of 25 volts was then applied between 
the trough and filament and the spectrum examined by means of a pocket 
spectroscope. When the currents had been adjusted for the desired intensity 
of the copper lines, a photograph was taken in a mixture of argon and copper. 
The system was again exhausted and outgassed and a photograph placed 
on the same plate, with the same conditions, except that neon and copper 
were used. 

The argon-copper mixture failed to develop the lines of the Cu II spec- 
trum while the neon-copper mixture showed a strong development of the 
spark lines. 
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Fig. 3. Energy levels of Cut 


In the excitation of Cu II by neon ions the lines from the 3d*5s state 
were relatively much stronger than those from the 3d%4p. Reference to 
Fig. 3 will show that this 3d%5s state is just below the ionizing potential 
of neon, while the 3d%4p level is just below 16.7 volts, which is an important 
excited state of-neon. The strong development of the lines from the 3d%5s 
state can be attributed to the fact that this level is practically resonant 
with the normal ionized state of neon. The weakness of the lines from the 
3d°4p state which is resonant with the 16.6 volt excited state of neon is, 
however, somewhat unexpected, especially in the light of the work of Duffen- 
dack and Smith described in a succeeding paper. We had the opportunity 
to discuss this matter with Professor J. Franck, and he suggested that the 
weakness of these lines is probably due to the quenching action of hydrogen 
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on this state of neon. The ionizing potential of H: is also practically resonant 
with this state of neon and Duffendack and Smith showed in their experi- 
ments that hydrogen does have a marked quenching action on this state 
of neon. Since the furnace chamber could not be outgassed and hydrocarbon 
vapors may be expected from the cements used, the presence of hydrogen 
in the neon can readily be explained. 


EXCITATION OF THE SPECTRUM OF MN II 
We next excited the spectrum of Mn II by the same method as was 
‘used on Cu II. The excess energy after contact ionizations by argon, neon 
and helium ions is 8, 14, 17.1 volts respectively and these are able therefore 
to excite the Mn II spectrum to the extent of 64800, 113400, 138500 wave 
numbers respectively. Reference to Fig. 4 will show that argon ions should 
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Fig. 4. Energy levels of Mn*. 





develop the lower important terms, while neon ions should develop all the 
main terms in the spectrum while the second spark spectrum should be 
entirely absent. An interesting consequence of this is that the strong (3d°4p) 
7P —(3d54d) 7D multiplet should not be developed by argon ions, but should 
easily be developed by neon ions. This was tested by taking two successive 
exposures on the same plate, one using argon ions and the other neon. The 
neon ions gave a strong development of the nine lines but the argon failed 
to develop them. 

In 1923 Catalan” discovered four multiplets in the spectrum of Mn II 
which we have recently identified® as the strongest multiplets of a septet 


12 Catalan, Phil. Trans. Roy. Soc. 223A (1923). 
13 Black and Duffendack, Science 66, 401 (1927). 
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and quintet system. The relative positions of the two systems were estimated 
from computations of convergences of two series in Mn I furnished us by 
Dr. O. Laporte, and intercombination lines which fixed the relative positions 
of the system were easily found. 

The term scheme for the Mn II spectrum as far as we were able to 
analyze it is given graphically in Fig. 4. The same analysis was made inde- 
pendently by Russell.’ Since he has published the classification of the lines, 
it is not necessary to reprint them here. He located a (3d*5s)7S level at 
74555.98 cm and although the three lines which located it by combinations 
with (3d°4p)"’P fit excellently, we are inclined to doubt its correctness; 
for two of the lines, namely 2762.3 and 2796.3, were developed by argon 
ions whereas this 7S level is above the ionization potential of argon. In 
all other respects his analysis is identical with ours. 

A considerable number of unclassified lines in Mn II in the region be- 
tween 2600A and 3100A, 38500 and 32400 wave-numbers, are intensified 
in argon while many equally intense spark lines fail to appear in the spectrum 
excited in the argon- manganese vapor mixtures. It would seem that these 
lines are due to transitions between other terms of the configurations indi- 
cated in Fig. 4, and since the lines are excited in the argon mixture they 
must come from terms lying below 64800 wave-numbers from the normal 
state of the manganese ion. Therefore these lines are probably due to 
transitions from unknown terms ofjthe 3d°4p state to the terms of the 3d°4s 
and 3d states. It is hoped that a classification of these lines may be possible 
soon in order to check this hypothesis. 


4H. N. Russell, Astrophys. J. 66, 292 (1927). 
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ON THE ABSORPTION SPECTRUM OF HYDROGEN CHLORIDE 


By CHARLES F. MEYER AND AARON A. LEVIN 
University of Michigan 


(Received, April 29, 1929) 


ABSTRACT 


The fundamental band and the harmonic band of hydrogen chloride have been 
measured with narrow slits. The lines of the fundamental as previously measured, 
have been resolved, each into two lines arising from the existence of the isotopes Cl,; 
and Cl. The relative intensities of the lines in the two series are in accord with the 
accepted ratio for the abundance of the isotopes. In the harmonic, a slight separation 
of the lines arising from the isotopes had been previously achieved by Randall and 
Imes. In the present work the degree of separation is greatly enchanced. Wave- 
number and intensity determinations for the two series of lines in each band are 
submitted. Figures are given representing the bands in the new form. The ratio of 
the intensities of the fundamental and harmonic bands, as experimentally determined, 
is found to be in good agreement with the computed value. 


HE vibration-rotation spectrum of hydrogen chloride consists princi- 

pally of a fundamental band at 3.46u and a harmonic at 1.764. The 
work of Randall and Imes! demonstrated that the principal lines in the 
harmonic are accompanied by faint companions, which were interpreted by 
Loomis,? and Kratzer,* independently as arising from the existence of the 
isotope Cl3; in combination with hydrogen, the principal lines arising from 
the more abundant Cl;;. The suggested interpretation was supported by 
good agreement between observed and computed values of the separation 
of the principal lines and the companions. The companion lines were barely 
evident in the experimental curve, but their reality seemed established 
through the fact that a companion was indicated for nearly every principal 
line, and the success of the above mentioned hypothesis added further 
weight to the evidence. 

In the fundamental band, companions were not observed, but there was 
no reason for believing that they did not exist. The failure to find them was 
presumably due to less favorable experimental conditions as determined by 
the spacing of the grating used, in relation to the expected separation. 
Subsequent investigators obtained in one case slight evidence,‘ and in another 
case indirect evidence’ for the existence of the companions, but the com- 
panions were in no way separated from the principal lines. 


1 Randall and Imes, Phys. Rev. 15, 152 (1920); also Imes, Astrophys. J. 50, 251 (1919). 

2 F, W. Loomis, Astrophys. J. 52, 248 (1920). 

3 A. Kratzer, Zeits. f. Physik 3, 460 (1920). 

4 W. F. Colby and C. F. Meyer, Astrophys. J. 53, 300 (1921). 

5 E. C. Kemble and D. G. Bourgin, Nature 117, 789 (1926); also D. G. Bourgin, 
Phys. Rev., 29, 794 (1927). 
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The performance of a new spectrometer, described elsewhere,® led to the 
belief that the separation in the fundamental might now be achieved. Pre- 
liminary trials at once demonstrated the existence of the companions, and 
by narrowing the slits to the extreme, the principal and companion lines 
were separated to a degree which exceeded the most optimistic expectations. 
The slits were narrowed to 0.25 mm, and as the focal length of the spectro- 
meter is 1 m, the spectral range included by the slit is about one-fourth of 
that of the older work in which slits of 0.5 mm were usually employed with 
a focal length of 0.5 m. 

In Fig. 1 are shown several of the curves which have been obtained. The 
abscissae represent settings of the grating circle. These were made at every 
fifteen seconds of arc, as indicated by the plotted points. The ordinates 
represent percent of absorption, correction being made for the diminution of 
energy by the rock-salt windows of the cell. 
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CIRCLE SETTINGS 


Fig. 1. Doublet structure of lines of the fundamental band. The right hand member of each 
doublet is due to HCl,;; the left hand member is due to HCl». 


When the lines are separated to the degree which is here represented they 
no longer have the appearance of a principal line and a faint companion, but 
rather that of a major and a minor component of a pair. The ratio of the 
abundance of the isotopes Cls; to Cls; is about 3:1 and it is surprising to find 
that the maxima of absorption attained by the two components, as mea- 
sured, should differ by so little as they do. However, the relation existing 
between measured maximum of absorption and true intensity of a line is an 
involved one, and it is not to be concluded that an anomaly is in evidence. 
A direct experimental comparison of the intensities was made by determining 
the absorption curve for one line (+4) first with a cell 1 mm in length, and 
then with a cell 3 mm in length. In Fig. 2 the left hand curve represents the 
result in the first instance, and the right hand curve represents the result in 
the second instance. As is to be expected the maximum of absorption at- 
tained by the major component in the first case is approximately equal to 
the maximum attained by the minor component in the second case.’ The 


6 A. A. Levin and C. F. Meyer, J.0.S.A. & R.S.I. 16, 137 (1928). 


7 See also note on relative intensities by D. M. Dennison in the last section of this article. 
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points near the maxima in question were determined with more than ordinary 
care. Each final, plotted, point represents the mean position of three or 
four original points obtained in measuring back and forth across the line. 
Each original point represents the percentage of absorption calculated from 
eight galvanometer deflections taken with the cell in the beam, and eight 
with the cell out of the beam. 

The primary object of the present investigation was to furnish measure- 
ments of the positions of the lines when separated as above shown and a 
secondary object was to furnish measurements of the intensities. It is im- 
portant for the development of the theory of the vibrating rotating dipole, 
that the laws of both spacing and intensity be determined as accurately as 
possible. The older measurements, which showed the lines as composite, 
could not reveal these laws as closely as might be desired. It is believed that 
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CIRCLE SETTINGS 


Fig. 2. Comparison of intensities of major and minor components. 


the present work presents greatly improved data in regard to spacing. As 
for intensity, it is a necessary consequence of the use of narrower slits that 
the total available energy is reduced, and that the errors in absorption per- 
centages are increased. Therefore the percentages will not be as accurately 
given as in some previous work.’ Nevertheless, because of the very fact that 
the slit width is so much narrower, and because the lines are separated 
into their components, it is believed that the measurements of intensity 
will also have value. 


CALIBRATION ETC. 


A grating of 7200 lines per inch (2835 per cm), ruled by E. F. Barker, 
was used for work on the fundamental. One of 15,000 lines per inch (5900 
per cm), by J. A. Anderson, was used for the harmonic. Both were calibrated 
by means of the 1.0144 mercury line for which the exact wave-length was 
taken as 10,139.8A. in air at the temperature and pressure of the experiment, 
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about 23°C and 74 cm. The wave-numbers for the HCI lines have been re- 
duced to vacuum by taking m— 1 equal to 25. 10-* in the region of the funda- 
mental, and equal to 26.X10-5 in the region of the harmonic, m being the 
index of refraction for air.*® 

Much attention has been given in the present investigation to reducing 
error, and it is believed that the wave-number determinations are more 
accurate than previous ones in infra-red absorption measurements. The 
greater sharpness of the lines when measured with narrow slits, and the com- 
parative freedom from overlapping should also contribute materaially to- 
ward achieving this result. In the past, independent sets of determinations 
made by different observers, working with different apparatus, have usually 
shown minor discrepancies which indicated systematic error. It is hoped 
that such error has been decidedly reduced, but positive claims to this effect 
cannot be made and the authors do not wish to insist on high absolute ac- 
curacy for the measurements. The relative accuracy of the wave-number 
determinations should however be distinctly greater than that of previous 
determinations, and moreover the Jaw of spacing should appear with much 
improvement because the series of lines arising from the two isotopes are 
now determined separately. 


THE FUNDAMENTAL BAND 


In the work on the fundamental it was not feasible to follow the usual 
procedure of measuring the entire band with a fixed cell length and gas con- 
tent. It was desired to measure twelve lines in each branch of the band. 
The variation in intensity among these is so great that no one amount of 


TABLE I. Fundamental band, observed wave-numbers, cm, vacuum. 














Line Major Minor Diff. Line Major Minor Diff. 

No. Comp. Comp. No. Comp. Comp. 

—12 2599.00 2597.43 1.57 1 2906.25 2904 .16 2.09 
—il 2625.74 2624.03 ae 2 25.78 23.69 2.09 
—10 51.97 50.36 1.61 3 44.81 42.71 2.10 
—9 77.73 75.90 1.83 4 63.24 61.08 2.16 
—8 2703.06 2701.29 1.77 5 80.90 78.68 2.22 
—7 27.75 26.01 1.74 6 97.78 95.66 2.12 
—6 52.03 50.31 1.72 7 3014.29 3012.16 2.13 
—5 75.79 73.77 2.02 8 29.96 27.69 2.27 
—4 98.78 96.88 1.90 9 44.88 42.62 2.26 
—3 2821.49 2819.51 1.98 10 59.07 56.84 2.23 
—2 43.56 41.59 1.97 11 72.76 70.51 2.25 
—1 65.09 62.99 2.10 12 85.62 83.28 2.34 














gas will do for all. In the more intense lines the major and minor components 
will overlap considerably while the fainter lines will show insufficient ab- 
sorption for proper measurement. Consequently, a set of position measure- 
ments was first made, with varying amounts of hydrogen chloride in the 
beam, the quantity being adjusted until the line or lines which were shortly 
to be measured exerted a proper amount of absorption. Air remained in 


8 F, Paschen, Ann. d. Phys. 27, 537 (1908); 29, 625 (1909); 38, 717 (1910). 
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the cell admixed with the hydrogen chloride, the pressure of the mixture being 
atmospheric. The separation of the components in this set of measurements 
was throughout about as complete as shown for the lines of Fig. 1. Had the 
separation been less complete, it would have been necessary to make a cor- 
rection for the position of each component due to the influence of its neigh- 
bor. As it was, such a correction was deemed unnecessary. The wave-num- 
bers for the above mentioned series of measurements are given in Table I 
as are likewise the separations between the major and minor components. 

Subsequently the first six lines in each branch of the band were measured 
with a cell of fixed length of 3 mm, filled with hydrogen choloride at atmos- 
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CIRCLE SETTINGS 


Fig. 3. Individual lines of the fundamental band. 


pheric pressure. The curves obtained are given in Fig. 3. They are submitted 
because of such interest as they may have in regard to intensity of absorp- 
tion. In plotting them, correction was of course made for the diminution of 
energy due to the windows of the cell. At the base of the curve for each pair 
of lines, short horizontal marks indicate the height of the absorption curve 
in the intervening regions between the pairs of lines. These intervening re- 
gions were explored throughout, but with large intervals between successive 
settings of the grating. The curve rises and falls irregularly in the region 
between the lines due to the observational error of individual determina- 
tions of percentage of absorption. The range of variation is usually two or 
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three and sometimes as high as five percent. The separation between the 
major and minor components is not so complete in the curves of Fig. 3 as 
in those of which examples are given in Fig. 1. The difference is attributed 
to some slight change in the condition of the spectrometer which is not under 
control, perhaps a slight distortion in the large mirror or the grating which 
impaired the definition, or perhaps a refusal on the part of the slit to assume 
always the same width for the same setting of the micrometer head. Several 
months intervened between the two sets of observations. 

It was deemed desirable to depict the entire band in its new form with 
the lines due to the isotopes separated. When the drawing of the figure 
was undertaken it became evident that the representation could not be made 
in the usual manner of an absorption curve, but would have to be shown as 
a “silhouette” of the absorption area. This is necessitated by the extreme 
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Fig. 4. The fundamental band. 


narrowness of the lines in relation to the width of the region which must 
be depicted. The band is represented in Fig. 4. The first six lines in each 
branch are shown in accordance with the intensity measurements made 
with the 3 mm cell, and the intensities of the remaining six lines in each 
branch are estimated. The regions intervening between the pairs of lines 
have been smoothed out. If they had not been, the figure would have pre- 
sented a confused appearance, as was demonstrated by a preliminary draw- 


ing. 
THE HARMONIC BAND 


In the work on the harmonic a cell 30 cm in length was employed which 
was fitted with plate glass windows. The cell was as long as the arrangement 
of the apparatus permitted. It contained hydrogen chloride at a pressure 
of about 60 cm, and with this was admixed air to atmospheric pressure. The 
amount of gas which was present was such that the more intense lines of the 
band exerted about the maximum of absorption which was consistent with 
having good separation between the components. As many lines were mea- 
sured in each branch of the band as could be measured with this amount of 
gas, namely, eight in the P branch and nine in the R branch. The wave- 
numbers and separations for these are given in Table II, and the absorption 
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curves for the individual lines are shown in Fig. 5. Short horizontal marks 
again indicate the height of the curve in the regions intervening between 
the lines. These regions were explored throughout. To the right of line —8 
is shown a section of the curve which intervenes between lines —8 and —7. 


TABLE II. Harmonic band, observed wave-numbers, cm, vacuum. 

















Line Major Minor Diff. Line Major Minor Diff. 
No. Comp. Comp. No. Comp. Comp. 
—8 5468.55 5464.67 3.88 1 5687 .81 5683.91 3.90 
—7 96.97 93.12 3.85 2 5706.21 5702.01 4.20 
—6 5525.04 5521.23 3.81 3 23.29 19.42 3.87 
—5 51.68 47.74 3.94 4 39.29 35.26 4.03 
—4 77.25 73.40 3.85 5 53.88 49.69 4.19 
—3 5602.05 97.98 4.07 6 67.50 63.28 4.22 
—2 24.81 5620.92 3.89 7 79.54 75.40 4.14 
~1 47 .03 43.10 3.93 | 8 90.54 86.28 4.26 
| 9 99.94 96.04 3.90 








The irregularities here are typical, and this section is shown by way of ex- 
ample. Repetition of the measurements in some of the intervening regions 
indicated that the irregularities arose purely from accidental errors, due of 
course to the accidental disturbances of the galvanometer. 
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Fig. 5. Individual lines of the harmonic band. 
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It will be noted that the degree of separation of the major and minor com- 
ponents of the harmonic, as shown in Fig. 5 is about the same as that for the 
first series of measurements on the fundamental, Fig. 1. In point of time the 
observations on the harmonic succeeded those of the first series on the funda- 
mental. Those of the second series on the fundamental were made later, | 
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and those in connection with Fig. 2 were made last and these show the great- 
est impairment of definition. 

In Fig. 6 the harmonic is shown in “silhouetted” form. The representa- 
tion is according to measurement in regard to all of the lines. The inter- 
vening regions between the lines are smoothed out. 

The separation between neighboring pairs of lines in the harmonic, when 
expressed in wave-numbers, is the same as the separation between corres- 
ponding neighbors in the fundamental. But the separation between the major 
and minor component of one pair in the harmonic is twice as great as the 
separation between the components of the corresponding pair in the funda- 
mental. Consequently the harmonic presents a more crowded or fuller ap- 
pearance than does the fundamental. Comparison of Figs. 4 and 6 elucidates 
the effect. 
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Fig. 6. The harmonic band. 


In this investigation the problem of separating the components due to the 
isotopes was found to be much the same in the two bands. The grating which 
was used in the harmonic was of about twice the finensss of the one which 
was used in the fundamental. The separation of the components in seconds 
of arc on the grating circle was practically the same in the two cases. The 
slit width used for both bands was 0.25 mm. The available energy was greater 
in the region of the fundamental, perhaps because of more favorable con- 
centration by the grating. Observations were easier in the fundamental, 
though they had been considered more difficult. 


THE LINE INTENSITIES 


The authors wish to acknowledge their indebtedness to Professor D. M. 
Dennison for the following numerical computations and remarks. 

The intensities of the HCI lines as shown in the foregoing curves were 
examined in three ways: (a) the relative intensity of a line and its isotope 
companion; (0) the intensities of the stronger components in a band 
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(i. e. lines +1, +2, +3, etc); and (c) the relative intensity of corresponding 
lines in the fundamental and harmonic bands. 

Under (a) the computation was carried out for several lines in the funda- 
mental band of which the line —6 may be taken as representative. The 
observed ratio of the areas under the absorption curves of the major and 
minor components has the value p=2.2. This ratio may be computed theo- 
retically® by substituting the known constants of the HCI molecule and the 
slit width of the spectrometer and assuming that Cl; is 3.3 times as abun- 
dant as Cl3;. The ratio thus obtained between the areas is p=2.1 in good 
agreement with the observed ratio. 

(6) The comparison of the stronger components in a band was carried 
out sufficiently to show that the observed intensities agree within the ex- 
perimental error with the theoretical formula for band line intensities. The 
work by Kemble and Bourgin®, which was performed with the express pur- 
pose of determining these line intensities, leads to results which are certainly 
more accurate than those which could be obtained from the present data. 

(c) We may, however, compare the intensities of corresponding lines 
of the fundamental and first harmonic with greater precision then has been 
attained heretofore. Examination of several representative lines shows 
that the ratio of the intensities of the two bands J2°/J,° lies between 0.017 
and 0.025, the experimental error being rather large. This value of J2°/J,° 
may also be given through the use of the wave mechanical solution of the 
perturbed oscillator in terms of the derivatives of the force function. 


T2°/T,°= (9'"/66")?(h/2m* uv») . 


Substituting the appropriate values of the constants (see the paper fol- 
lowing by W. F. Colby), we obtain as a theoretical value J2°/J,°=0.0197. 
It is interesting to notice that the ratio as given by the older quantum 
theory and the correspondence principle'® was twice as great, namely, .039, 
and lies distinctly outside the range of the experimental values. 


* D. M. Dennison, Phys. Rev. 31, 503 (1928), see Eq. (13). 
1 ED, M. Dennison, Phil. Mag. 1, 195 (1926). 
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ANALYSIS OF THE HCl BANDS 


By W. F. Co.sy 
University of Michigan 


(Received April 29, 1929) 


ABSTRACT 


Wave-numbers for the two isotopes of hydrogen chloride in the bands at 3.5u 
and 1.76u have been fitted to formulae cubic in the rotational quantum number. 
From these formulae the constants of the molecule have been determined in ac- 
cordance with the energy expression for the rotating dipole as derived by means of 
wave mechanics. 


HE separation of the isotope components of the HCl infra-red bands 

and the accurate measurement of their positions as reported by Meyer 
and Levin in the preceding paper in this periodical have made it possible 
to test the success of formulae derived with the help of the new wave me- 
chanics. In a recent paper,! Fues has discussed the case of the rotating 
vibrating dipole and has obtained an energy expression in the following 
form: 


E=A+hv(n+})[1—BG+4)?] 
+(h?/8m*J)(j7+4)?[1— kG +4)*] —(h?/8x°J)(n+4)°C (1) 


n is the vibrational quantum number and j the rotational. B, C, vo and k? 
contain constants of the force function but are independent of j and n. 
J is the moment of inertia of the molecule about an axis normal to the 
nuclear line. The entrance of the factors (n+ 3) and (j+}4) throughout in 
place of m and j of the Kratzer formula gives a new interpretation to the 
experimental results. 

The transitions involved in these bands are for , 0—An for j, jj +1 
where An = 1 for the fundamental and An =2 for the harmonic. For both of 
these bands the initial values of j in the positive branch begin with zero 
and for the negative branch with 1. It is more convenient however not to 
use initial values of 7 in numbering the lines but rather to number them on 
both sides starting with 1. This formulation allows one to write a single 
formula for both branches. We then have 


vy =voAn — 4, BAn—(h/8x?J)C(An?+An) 
+(—v9B—vpBAn+(2h/8r*J) —(h/8x7J) k?)j 
—voBAnj? —(h/8x2J)4k?7* 


where j is the number of the line from the center of the band positive for 
the positive branch and negative for the negative. It has been possible 


1 Fues, Ann. d. Physik 80, 367 (1926). 
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to fit the wave-numbers determined by Meyer and Levin very successfully 
to this cubic formula. The following four equations give the constants 
thus determined. 
Fundamental 

Major isotope component: v=2885.88+ 20.5627 — 0.30307? — 0.002078 

Minor isotope component: v = 2883.84+ 20.5367 — 0.30227? — 0.0020, 
Harmonic 

Major: v =5667.96 + 20.291j —0.6028j?— 0.0025; 

Minor: v =5663.97 + 20.2597 — 0.60297? — 0.002278 

Tables I and II give the wave-numbers computed from these equations 
and the differences (Av) between them and the observed values. It will 
be noticed that these differences lie satisfactorily within experimental 
error. 


TABLE I. Calculated frequencies of fundamental. 

















j Major Av Minor Av j Major Av Minor Av 
Component Component Component Component 
—12 2598.98 0.02 2597.40 0.03 1 2906.14 0.11 2904.07 0.09 
—11 2625.72 02 2624.08 —.05 2 2925.78 0.00 2923.68 01 
—10 2651.98 —.01 2650.29 .07 3 2944.79 02 2942.67 .04 
—9 2677.75 —.02 2676.02 —.12 4 2963.16 .08 2961.01 .07 
—8 2703.03 03 2701.25 04 5 2980.87 .03 2978.70 —.02 
—7 2727.79 —.04 2725.97 04 6 2997.91 —.13 2995.73 —.07 
—6 2752.04 —.01 2750.18 13 7 3014.28 .01 3012.08 .08 
—5§ 2775.75 .04 2773.85 —.08 8 3029.96 0.00 3027.74 — .05 
—4 2798.92 —.14 2796.99 —.11 9 3044.93 —.05 3042.69 —.07 
-3 2821.52 —.03 2819.56 —.05 10 3059.19 —.12 3056.93 —.09 
—2 2843.56 0.00 2841.57 .02 11 3072.73 .03 3070.45 .06 
—1 2865.02 07 =2863.00 —.01 12 3085.52 .10 3083.23 .05 











TABLE II. Calculated frequencies of harmonic. 











j Major Ap Minor Av Major A» Minor Av 
Component Component j Component Component 

—8 5468.33 0.22 5464.44 0.23 1 5687.65 16 5683.63 .28 
—7 5497.24 —.27 5493.37 —.25 2 5706.11 10 5702.06 —.05 
—6 5525.05 —.01 5521.19 .04 3 5723.34 —.05 5719.26 16 
—5 5551.75 —.07 5547.88 —.14 4 5739.32 —.03 5735.22 .04 
—4 5577.31 —.06 5573.43 —.03 5 5754.04 —.16 5749.92 —.23 
—3 5601.73 .32 5597.83 15 6 5767.47 .03 5763.35 —.07 
—2 5624.99 —.17 5621.06 —.14 7 5779.61 —.07 5775.49 —.09 
—1 5647.07 —.04 5643.11 —.01 8 5790.44 .10 5786.34 —.06 

9 5799.94 0.00 5795.87 .17 











In the energy Eq. (1) the constants B, C and k? have been used to replace 
somewhat inconvenient combinations of the constants of the force function 
which we are now in a position to evaluate from the empirical data for these 
four bands. In Kratzer’s original paper the potential energy of the molecule 
was developed in the form 


$= 0—(2mv0)°J { 1/p—1/(2p”) + cst? +cat + «+ + } 
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where p=7/ro, the ratio of the distance between nuclei to the equilibrium 
distance. £=p—1. v is the frequency of vibration for infinitesimal ampli- 
tude. In terms of the above constants 


k=(h/4e°vgJ) ; B=(3/2)k2(1+2cs) ; C=3+15c3+(15/2)c3?+3cs. 


The constants ») and J are easily found from the band data. To determine 
vo both fundamental and harmonic band must be used. The two values for 
the two isotopes are given in the following table. Their ratio is satisfactorily 
equal to the inverse ratio of the square roots of the reduced masses. This 
is shown in the later computation of @’’. Four values of J may be obtained, 
one for each band. With the help of the relation J =yuro?, rp has been computed 
and found to agree surprisingly well for the two isotopes. The small varia- 
tion from fundamental to harmonic is typical of all the constants. It may be 
partly due to the fact that the harmonic has fewer lines and therefore less 
reliable constants. More probably it indicates that the energy expression 
is a closer approximation for the fundamental for which the amplitude of 
vibration is smaller. The value of k may be found directly from the coefficient 
of 7. This however is the least reliable of the coefficients. It has also been 
computed from the formula given above involving J and ». The latter 
values agree closely and do not differ much from the mean of the values 
found from the cubic term. The values of cs and cy have been calculated 
using the more satisfactory determination of k?. They are sensitive to small 
variations of the other constants but these relative variations are not im- 
portant in the calculation of the derivatives of the force function. The 
constants are given in the following table. 











TaB_e III. 
Fundamental Harmonic Fundamental Harmonic 
Major Major Minor Minor 

(h/8x?J)/(1/3 - 10'°) 10.5843 10.5980 10.5703 10.5817 
J-10*° 2.6126 2.6092 2.6161 2.6132 
ro° 108 1.2765 1.2757 1.2764 1.2757 
vo(1/3 - 10'°) 2989 .36 2987 .28 
c 4.8848 4.8894 
k?- 10° (cubic term) 4.7499 5.8808 4.8107 5.1669 
k?- 108 (k =h/42?voJ) 5.0146 5.0276 - 5.0082 5.0193 
C3 0.17370 0.16845 0.17342 0.17015 
C4 —0.31633 —0.28942 —0.31249 —0.30000 








Writing 
1 Mt 1 a” 1 ‘4 
o=tet— do (r—10)?-+— oo" (r—10)?-+—o0'¥ (7 —10)*+ eh 


and comparing with Kratzer’s energy function, we have 
1 (2xvo) J 
—?o oo 


Y = 2907 
2ro? 











W. F. COLBY 














1 (2rv9)*J 
gi wo (1-69) ————— 
3! ro° 
1 giv 3—2c4 (2rv9)*J 
4! 2 ro* 
The derivatives of ¢ have been computed from these equations and are given 
in the following table. aa al 
TABLE IV. 
Fundamental Harmonic Fundamental Harmonic 
Major Major Minor Minor 
4¢"10-% 2.5454 2.5457 
6: ¢’”"10-8 —4.6809 —4.6628 —4.6806 —4.6701 
M41 @'Y10- 5.6745 5.5835 5.6641 5.6313 








The agreement of all the constants bears witness both to the high precision 
of this experimental work and to the success of the present theory of the 
rotating dipole. 
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DIATOMIC MOLECULES ACCORDING TO THE WAVE 
MECHANICS. II. VIBRATIONAL LEVELS 


By Puitre M. Morse 
Palmer Physical Laboratory, Princeton University 


(Received April 8, 1929) 


ABSTRACT 


An exact solution is obtained for the Schroedinger equation representing the 
motions of the nuclei in a diatomic molecule, when the potential energy function 
is assumed to be of a form similar to those required by Heitler and London and 
others. The allowed vibrational energy levels are found to be given by the formula 
E(n) = E.+hwo(n+1/2) —hwox(n+1/2)?, which is known to express the experimental 
values quite accurately. The empirical law relating the normal molecular separation 
ro and the classical vibration frequency wo is shown to be ro’wo= K to within a prob- 
able error of 4 percent, where K is the same constant for all diatomic molecules and 
for all electronic levels. By means of this law, and by means of the solution above, the 
experimental data for many of the electronic levels of various molecules are analyzed 
and a table of constants is obtained from which the potential energy curves can be 
plotted. The changes in the above mentioned vibrational levels due to molecular 
rotation are found to agree with the Kratzer formula to the first approximation. 


INTRODUCTION 


HE wave equation for the nuclear motion! of a diatomic mocluele of 
nuclear masses M, and M, and charges Z; and Zz, is approximately 


Sry . 
V+ (W (eZ iea/r) +1 e(r) ly=0 (1) 
2 


where n= ,M2/(M,+ M2), r is the distance between the nuclei, 6 and @ 
the usual orientation angles measured from the center of gravity, and V,(r) 
the electronic energy calculated by considering the two nuclei as fixed in 
space a distance 7 apart. 

The combination of the energy of repulsion and the electronic energy 
can be considered as a nuclear potential energy 


E(r) =(e°Z,Z2/r) —V .(r). 
The wave function VY can be considered as a product of three factors 
WV = N -®(¢) -0(8)- R(r)/r, where it can be shown that 
b= ei 
O=sin’ 6- P;*(cos 0) 
where g and j are integers. The normalizing factor N is adjusted so that 
S¥-¥ dv=1. 
When these functions have been substituted in the general equation an 
equation for R results, 


1 Born and Oppenheimer, Ann. d. Physik 84, 457 (1927). 
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@R j(j+i)R — 
dr® r? h? 


Since we are primarily interested in vibrational levels, j is set equal to zero. 

The function E(r) is a complicated function of r and of the electronic 
quantum numbers, and is not known accurately for any molecule, so it is 
useless to try to substitute the actual expression for E in the equation. It 
is possible, however, to assume some functional form for E which gives 
curves of approximately the same shape as the actual curves, and whose 
constants can be carried through the calculations to the end and then ad- 
justed to conform to the experimental data. 

The forms for E which have been used are, among others, the two series’ 





[W—E(r)|R=0. (2) 


a/r+b/r?+c(r—ro)?+ ---, and b’(r—1ro)* +c’ (r—ro)?+---. 
These series give a general equation for the allowed energy levels 

W = —D+ hoo |[(n +3) — x(n +3)?+K3(n+3)3+ --- | (3a) 
where the constants wo, x, K,---, are functions of a, 5, c, etc., and so if 


W is known empirically, E can be determined. 

There are several objections to such series forms for E. In the first 
place the effect of all the terms in (r-r9) to the power 3 or over (which terms 
are not always small) must be computed by perturbation methods, thus 
adding another approximation to a list already long. In the second place 
the series for E determined from the known values of wo, x, K3, etc., does 
not converge for large values of 7, and so the series is only applicable over a 
restricted range of r. 

In the third place the experimental data show that constants K;:-:-, 
are very much smaller than wp» or x, whereas the general series for E do not 
show that any such peculiarities should exist. In other words these series 
are too general. 

We must search, then, for a form for E which will satisfy the following 
requirements: (1), It should come asymptotically to a finite value as 
r—c; (2), It should have its only minimum point at r=7ro; (3), It should 
become infinity at r=0 (this need not be exactly true, however, the results 
are practically the same if E becomes very large at r=0); (4), It should 
exactly give the allowed energy levels as the finite polynomial. 


W(n) = —D+ hoo |(n+3) —x(n+4)?]. (3) 


The very small correction term coefficients K;--- , can then be determined 
by perturbation methods with a reasonable expectation that these methods 
on such small quantities will give fairly accurate results. 

A form will be chosen for E which satisfies requirements 1 and 2 exactly, 
and 3 approximately, and the problem will then be to show that the chosen 
form satisfies requirement 4. 


A SOLUTION OF THE PROBLEM 
The function which it is proposed to use here is the simple one 

E(r) = De~22("—10) — 2De—2(r—10) , (4) 
2 E, Fues, Ann. d. Physik 80, 367 (1926). 
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This function has a minimum of —D at r=ro, comes asymptotically to zero 
at r= and in general gives curves of a very similar form to the few poten- 
tial energy curves which have been calculated theoretically.245 The only 
portion where it does not fit these curves is at r=0, where it should be in- 
finity. But it will be seen that for the values of D and a used to fit the data 
E(r) is between 100D and 10000D at r=0, a value so large that, as far as 
its effect on the energy levels and wave function goes, it is as good as in- 
finity. 
The frequency of classical small vibrations about ro is 


wo=(a/2m)(2D/u)"!. - (5) 


If this form of £ is substituted in Eq. (3), 7 set equal to zero, and the 
transformation “u=(r—7ro)made, then 

ad*R 8xu 
-n h? 

The boundary conditions are now set that R must be finite, single valued 
and continuous in the range —® S<u<+2. It will be found that for some 
allowed solutions in this case r¥ will not be zero at r=0. But in every case 
r¥ will be extremely small, and since the point r =0 is some distance outside 
the important interval where W>E this discrepancy will not affect the 
values of the energy levels. 

In other words, since we have admittedly not used the correct form for 
E, and since we presumably could not find the true solution for R anyway, 
we must content ourselves with a solution which deviates from the correct 
solution in a portion which has little effect on the values of the allowed 
energies, especially since this deviation is very small. 

Make a second transformation, letting y=e~*“. Then 


dR 1 dR 8xr*4fW 2D 
= |R=0 


omen —+$— — J) 
dy? y dy a*h*ly? y 


[W —De-2e+ 2De-*|R=0. (6) 











(7) 


where now R must be finite, continuous and single valued over the range 
o2zy20. Let R=e~% - (2dy)* - F(y). Then if 


d=2n(2uD)'!2/ah (8) 
W = —a°h®b?/32x2u (9) 


and if z=2dy, then the equation becomes 


9 


Hd /dst)+ (+1 ~8) (dB /ds) + (=~ —6/2-1/2) F=0. (10) 


a*dh? 





The solution of this equation is a finite polynomial® if (8m*uD/a*h*d—6/2 
— 1/2) =n, an integer greater than zero. That is 


b=4n(2uD)!!?/ah—1—2n=k—1—2n (11) 


3Q. Burrau, Klg. Danske. Vid. Selskab. 7, 14 (1927). 
* Heitler and London, Zeits. f. Physik 44,455 (1927). 
5 Morse and Stueckelberg, Phys. Rev. 33, (1929). 
* Schroedinger Ann. d. Physik 80, 483 (1926). 
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where k (=47(2uD)'/?/ah) must be greater than unity to have a discrete 
energy spectrum. The positive values of } are the only ones for which R is 
finite over the range 0X25. This means that m can have any integral 
value in the range 0S 2" <(k—1). 

The solutions for F are the generalized Laguerre polynomials 





b a°® qntb 
= =— 2. n+bp—z 
F=L,4.(2z) —| quer (g"t+%e | 
Usually both superscript and subscript-minus-superscript are taken to 
be integers, although the superscript need not be integral. Here 0 is a frac- 
tion, and fractional differentiation must be used to obtain the polynomial 
from the definition above. The polynomial can be obtained by the use of 
the recursion formula obtained directly from Eq. (10) without evoking the 
use of fractional differentiation, but it is felt desirable to use the general 
definition for the sake of uniformity. Such differentiation does not vitiate 
the general formulas of integration etc., which have been developed for 
these polynomials, as long as m is an integer. 
The formulas needed for fractional differentiation are given here for 
convenience. 
dz") (atl) ,  d*(e~*) 
dz’ T(a—b+1) ” ds? 
The application of this to the definition of F results in 
T'(k—n) 


n! 








= eit. e~?. 


Lnv(2) = eit (k—n—-1) | 2 (kn tyne 
(k—n—1)(k—n—2)n(n—1)x"* 
+ _ | 


2! 





The normalizing integral 


f gl. e-#. Dn o(2) Loa 4(2)-de=Nam 
0 





0 (if nm) 
_ T(k—2n+s—1) . " 
[r(k—n) | p> T(=1) (if m=m) (12) 


so that the complete wave function R for the nuclear vibration is 


(2da/ Non) 1/2. e—dea(r—10) , [2de—2(r—r0) | (k-—2n—1) /2 5 ahd [2de—2(r—r0) | 


The square of this, times the perturbing energy, is to be multiplied by dr 
as a “volume element” and the integral taken from zero to infinity to obtain 
the perturbation energy. 

The allowed energy levels are obtained from Eqs. (9) and (11) 


W(n) = —a2h?(k—1—2n)2/329u 
=— D+<(n+ 1/2)(2D/u)*!?—a?h?(n+1/2)?/8x7u (13) 
T 


= —D+ hwo(n+1/2) —(h2wo?/4D)(n+1/2)? 
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from Eq. (5). As has been noted before, takes on all integral values from 
zero to (k—1)/2. This is the first case noted of a Schroedinger equation 
giving a finite number of discrete energy levels. 

Equation (13) is of the form of empirical Eq. (3), and it therefore is of 
the form which we set out to obtain. Since this equation expresses the em- 
pirical data so well in most cases, therefore the potential energy E, as given 
by Eq. (4), must have the same shape as the real potential energy throughout 
the range where Eq. (13) is a valid representation of the actual energy levels. 

Thus if the lists of spectroscopically determined molecular constants 
give fo in Angstrom units and wp and wox in wave-numbers, D is found in 
wave-numbers by the equation 


D=w?/4wox (15) 
and the coefficient a is found by the relation 
a= (8m2cuwox/h)'/?=0.2454(Mwox)!/? (16) 


where M= M,M2/(Mi+M:2), Miand M; being the atomic weights of the two 
nuclei in terms of oxygen 16. 

With ro known and D and a determined, the potential energy curve cor- 
responding to the data is given by Eq. (4), where E is in wave-numbers if 
r is in Angstrom units. 


AN EmprricAL LAW FOR fp 


When the available lists of molecular constants were examined it was 
found that in many cases wp and wex were known but ro was not known. 
Several writers’? have made use of a relation row) =constant to obtain the 
unknown fo’s, but deviations from this relation are quite large.® 

To find what law obtained, if any, between ro and wo, 21 cases were 
taken from Birge’s table® where ro and wy were both known. An equation, 
log wo— p log ro=log K was assumed, and the data were subjected to a least 
squares analysis. The most probable values of the constants were found to 
be p=2.95 and K =2975. If p be taken to be 3 then the equation becomes 


ro§wo = 3000A3/cm (17) 


to within a probable error of +120 and a maximum deviation of 420. This 
is about due to the probable error of the recorded values of ro, for if these 
values had a probable error of 1.3 percent, then 7o* would be given to a prob- 
able error of 4 percent. 


7 Birge, Phys. Rev. 25, 240 (1925). Mecke, Zeits. f. Physik 32, 823 (1925). 

8 Since this paper has been sent to the editor, Professor Birge has kindly brought to the 
writer’s notice the fact that the equation ro’w.=C,,, where C,, has a different value for each 
molecule, is a better fit for some data than Eq. (17). In other words, the slope of the curve 
log ro plotted against log wo is nearer two for each individual molecule, but the slope of the 
band representing all molecules is nearer three, as given by Eq. (17). However, at least 
one value of ro must be known for a molecule before C,, can be known. Therefore Eq. (17) 
presents the only means of obtaining a value for ro for a molecule when no empirical value of 
ro for that molecule is available; and so it is useful, even if the probable error of the value so 
obtained were rather larger than the above least squares analysis would indicate. 
® Mulliken, Phys. Rev. 32, 206 (1928) and Birge, Int. Crit. Tables, Vol. V, 411, (1929). 
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TABLE I.!° 

No Mol. State A D a ro obs. rocalc. _refer- 
wave-nos. wave-nos. Aunits Aunits ence 

1 BeO 1y 41600 42300 2.12 1.33 1.27 (14) 
2 BeO 1y 72200 51700 1.76 1.36 1.30 (14) 
3 BO 2 74200 75100 2.14 1.21 1.17 (9) 
4 BO 211 59800 36800 2.04 1.36 1.34 (9) 
5 BO 2 82500 40000 1.99 1.31 1.33 (9) 
6 AlO — 33100 33600 2.06 1.62 1.46 (15) 
7 AlO _ 70000 49800 1.51 1.66 1.52 (15) 
8 C; 11 55900 56700 2.14 1.31 1.23 (9) 
9 C, 11 49100 40600 2.65 1.27 1.19 (9) 

10 CN 2 75600 76600 2.32 1.17 1.14 (9) 

11 CN I; 68700 55200 2.30 —- 1.20 (9) 

12 CN 2z 78600 53900 2.88 1.15 1.12 (9) 

13 CO 1y 90500 91600 2.29 1.15 1.12 (9) 

14 CO 11 99200 51600 2.45 - 1.20 (9) 

15 co 35? 94900 38300 1.93 _- 1.37 (9) 

16 CO oH 96700 32600 2.67 1.24 1.26 (9) 

17 co iy 108800 28800 4.55 1.12 1.12 (9) 

18 CO HI 145000 46300 2.86 +: 1.16 (9) 

19 CO* D> 193100 79200 2.91 1.11 1.11 (9) 

20 CO* “1, 177300 42700 2.42 1.25 1.25 (9) 

21 CO+* 2 189100 29600 3.17 1.17 1.21 (9) 

22 F. >> 33600 34200 2.39 1.4 1.37 (9) 

23 F. 1y 24800 1420 3.21 -- 2.11 (9) 

24 He 1'> 38000 40100 1.85 .76 .89 (11) 

25 H, 2'= 116900 27600 .69 1.31 1.31 (16) 

26 H. 2511 112000 19500 1.48 .97 1.08 (11) 

27 H, 23 118200 24600 1.44 1.08 1.05 (11) 

28 H, (C) 119200 21300 1.41 1.06 1.08 (11) 

29 H, 3511 131500 21200 1.37 1.14 1.09 (11) 

30 H, 341 225000 114500 61 -- 1.08 (11) 

31 H, 411 136500 20400 1.38 1.14 1.10 (11) 

32 H. 5°11 140400 21800 1.32 1.17 1.10 (11) 

33 H. 6°1l 143000 23000 1.28 1.17 1.11 (11) 

34 H,* -- 143700 20600 1.36 1.06 1.11 (11) 

35 I, — 19100 19200 1.50 2.66 2.41 (13) 

36 I, — 20300 4770 1.80 3.01 2.86 (13) 

37 N2 1y 94300 95500 2.56 _- 1.09 (9) 

38 N2 3>? 103200 37600 2.42 — 1.28 (9) 

39 N: 11 119100 51000 2.41 —- 1.21 (9) 

40 N2 II, 126000 51200 2.46 1.21 1.21 (9) 

41 N2 TI, 150300 46100 3.31 1.15 1.14 (9) 

42 N.t 2 202800 67000 2.62 1.12 1.11 (9) 

43 N.t 2 224500 62900 3.10 1.08 1.08 (9) 

44 NO II, 61300 62200 2.55 1.15 1.16 (9) 

45 NO 2 149200 106200 2.42 1.07 1.09 (9) 

46 NO “II, 80300 35400 1.82 1.42 1.43 (9) 

47 NO 102100 50000 3.49 — 1.09 (9) 

48 O, 3 53000 53800 2.34 1.21 1.24 (9) 

49 O, 1>? 54500 42100 2.39 1.23 1.29 (9) 

50 O2 3 59000 10100 2.44 1.61 1.62 (9) 

51 O,* 11 164400 56100 2.82 —- 1.16 (9) 

52 O.* i 165400 14300 2.57 — 1.50 (9) 

53 O,* _- 174800 23800 2.31 — 1.43 (9) 

54 O.* ° — 187700 19700 2.93 -- 1.37 (9) 

55 SiN —- 49400 50000 1.92 1.57 1.38 (12) 

56 SiN _ 38200 14500 3.15 1.58 1.43 (12) 

10 It will be noticed that the molecules for which ro calc. differs markedly from ro obs. are 
the least symmetric molecules in the list [ie., M,M2/(Mi+ M2) differs considerably from (M,+ 
M:)/4). Professor R. S. Mulliken has kindly suggested to the writer that perhaps the rule 
enunciated in Eq. (17) above only holds accurately for molecules where M, is about equal to 
M:. Certainly the calculated values of ro for the perfectly symmetric molecules O2, Hz and Nz 
give the most consistent check with the experimental values. To apply the rule to very un- 
symmetric molecules it may be necessary to introduce an “unsymmetry factor” of the type 
[4M,M:2/(M,+ M:)*}"* into the term ro’wo. Curiously enough, those levels for which the above 
rule is not satisfactory are the ones whose vibrational levels fit Eq. (13) least satisfactorily. 
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Since six different neutral molecules and two different molecular ions 
were used in the analysis, it would appear that K is independent of molecular 
weight, of the electronic state, and of the net charge on the molecule. An 
independent check of this rule is discussed in the following paper. 


RESULTS 


A table is given from which the potential energy curves can be plotted 
by means of the equation 


E=A+De-2(-10) — 2De~2r-"0) (18) 


ro is given in Angstrom units and D, wo and wox are given in wave-numbers. 
The values of 7) in the column marked 7’ calc. were calculated from wo by 
means of rule (17). The striking agreement between these values and the 
experimental values is to be noted. A is given so that all curves of neutral 
molecule and ion are reckoned from the lowest vibration level of the lowest 
electronic state of the neutral molecule. Figure 1 shows the levels for Ne 
and N>* plotted from these data. 
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Fig. 1. Potential energy curves for nitrogen. Energy in wave-number and nuclear separation 
in Angstrom units. Numbers on curves refer to Table I. 


ROTATIONAL LEVELS 


When the rotational quantum number 7 is different from zero, the po- 
tential energy E in Eq. (4) is increased by an amount £; =j(j+1)h?/87*ur,’. 
Inasmuch as this increase only affects the wave function to an appreciable 


1 Birge, Proc. Nat. Acad. 14, 12 (1928). 
2 Jenkins and Laszlo, Proc. Roy. Soc. A122, 103 (1929). 

13 Birge, Molecular Spectra in Gases, N. R. C. Bull. 57, 230 (1927). 
4 Rosenthal and Jenkins, Phys. Rev. 33, 163 (1929). 

18 Pomeroy, Phys. Rev. 29, 57 (1927). 

16 Hyman and Birge, Nature 123, 277 (1929). 
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extent in the region near r=7,) (where W>E), it can be expanded about this 


point, — d 
1 ea |. 


82? ure? 





E; 
To ro 

In the range where £; has any appreciable effect, r—ro is small compared 
to ro, and since h?7(7+1)/87? uro?, (which can be called R) is small compared 
to E for the usual values of 7, this expansion can be added to the expansion 
for E, giving for the first two terms 


E+ E;= —D+R—R?/Da’*r,?+a*(D—R)(r—ro— R/roa*D)? 


plus terms in higher powers of (r—7ro). 

These two terms can be considered as the first two terms of the expan- 
sion of 
E+E; =(D—R+ R?/Da?ro?)e—24(*—10-R 1 r00°D) 

—2(D—R+ R2/Da?ro?)e—2 (7-1 R/100°D) (19) 
indicating that to the first approximation D has decreased to D— R+ R?/r?a*D 
and that 7» has increased to 7+R/na?D. The resultant energy levels will be, 
to the first approximation , 





2D—2R\!!? 
W(n,j)= —D+R+(ah/2n)(n+4)(= ) 
au 


—a*h?(n+4)?/8r2u — R?/Da?r,? 
= —D+ hoo(n+4) [1 —hwo(n+3)/4D —h2j(j+1)/1692Dyro?} (20) 
+ (h?j(J+1)/8m ture?) [1 —h2j(F+1)/1644u2rotwo?]. 
This agrees with the general Kratzer!’ formula to the first approximation. 
(i.e., as far as the above expansion is written). 

The energy levels required by Eqs. (13) or (20) agree quite well with the 
experimentally determined levels for most molecules up to quite high values 
of m. In other words the AW(n) curve is a straight line for a considerable 
distance as m is increased. This indicates that the potential energy is ef- 
fectively that given by Eq. (4) for a large range of r. 

However there are some electronic states, usually the normal levels of 
the molecules, whose AW(m) curves are not straight lines, and therefore whose 
potential energy curves deviate somewhat from the form given by Eq. (4). 
This is not surprising, however, for the potential energies of initial states 
have usually much deeper minima than the rest, and would be expected to 
deviate most markedly from the standard form. 

Such deviations from the straight line AW curve can be considered as 
due to an additional term in the potential energy of the form E’=B/r+ 
C/r?+---- , where B and C etc., are very small compared to D. This per- 
turbation can be dealt with in the same manner as £; has been dealt with, 
and the values of B, C,--- , can be found by comparing the resulting formula 
for AW(n) with the data. 

In most cases, however, the AW(n) curve deviates so little from the 
straight line that such a calculation is not necessary. 


" Kratzer, Zeits. f. Physik 3, 289 (1920). 
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SIMULTANEOUS IONIZATION AND DISSOCIATION OF 
OXYGEN AND INTENSITIES OF THE 
ULTRA-VIOLET O.+ BANDS 


By E. C. G. STUECKELBERG 
Palmer Physical Laboratory, Princeton University 


(Received April 8, 1929) 


ABSTRACT 


Observations by Hogness and Lunn, Smyth and Stueckelberg, showing that O* 
is formed from the neutral molecule by a single impact of about 20 volts, are ex- 
plained from the potential energy curves of the molecule and ion. These have been 
obtained from a method given by P. M. Morse, and from the empirical law rowo 
=3000A cm. The intensities of the ultra-violet O,+ bands have been calculated 
from the same curves and are in good agreement with experiment. 


IFFERENT observers! have found ionization potentials between 13.5 

and 15.5 volts corresponding to the formation of stable O.+. Mackay? 
was the only observer who found two distinct ionization potentials, at 
12.6 and 16.1 volts. Above 20 volts Hogness and Lunn* found O* ions as 
products of single impacts. Smyth and Stueckelberg‘ confirmed this result 
and found in addition, that neon ions (having an energy of 21.6 volts) react 
with neutral O, molecules in collisions of the second kind, forming O+. The 
conclusion is, therefore, that the potential at which O+ is formed from O2 
lies between 20 and 21.6 volts. 

These facts have been compared with the scheme of potential energy 
curves for the different states of O2 and O.+. The data for these curves have 
been obtained from the tables of Birge’ and of Mulliken.* The calculation 
has not been done by a power series in (ry — 79) as usual, but by a method given 
by Morse in the foregoing paper.?’ The equilibrium separation (ro) is not 
known experimentally for the O.+ levels, because the rotation structure has 
not yet been analysed. The values of 7) for these states have been obtained 
by an empirical law which relates wo and 7, also described in the paper by 
Morse. 

Applying the principle of Franck concerning the most probable transitions 
between electronic states in molecules* to the curves of Fig. 1 we see that 
the following reactions may be expected: at 13.5 volts: O.—O,* (in the nor- 
mal state of O,+); at higher voltages transitions to the excited stages of 


1 Franck u. Jordan, Anregung v. Quantensprungen p. 273. 
2 Mackay, Phys. Rev. 24, 319 (1924). 

’ Hogness and Lunn, Phys. Rev. 27, 732 (1926). 

4 Smyth and Stueckelberg, Phys. Rev. 32, 779 (1928). 

’ Birge, Molecular Spectra in Gases, p. 232. 

*R.S. Mulliken, Phys. Rev. 32, 186 and 761 (1928). 

7P. M. Morse, Phys. Rev. 34, 57 (1929). 

8 J. Franck, Trans. Far. Soc. 21, part 3 (1925). 
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O,* will occur, such as at 20 volts: O2.—O,*’ (in a higher vibrational state 
of the electronic state labelled with I1?); at 20.3 volts: O.—O+O+*. The most 
probable transition reaches this upper “II state at its dissociation limit. 
The O,*’ will therefore immediately dissociate into O and O+. 

Comparing these values with the observed data the formation of 0+ as 
a primary product at 20.3 volts agrees with the observed facts, but we have 
no good explanation for the different values for the ionization potential 
forming stable O,*. 
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Fig. 1. Potential energy curves for O2 and O,*. Energy in volts and nuclear 
separation in Angstrom units. 


Taking into account the inexactness of the Franck principle, as suggested 
from quantum mechanics by Condon,® we expect that below 20.3 volts a 
considerable number of O,* is formed with a vibrational energy near dis- 
sociation. We expect therefore that besides the Ot, formed by a primary 
process, there will occur some secondary Ot. In the experiments mentioned 
above there has not been found any evidence of this. This may suggest 
that the 7 of this state is a little too small. 

The relative value of the 7 in this state with respect to the normal 
state of the O.* can be checked by calculating the intensities of the transitions 
between these states. This has been done by a method given by Condon." 


®* E. U. Condon, Phys. Rev. 32, 858 (1928). 
10 E. U. Condon, Phys. Rev. 28, 1182 (1926). 
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Figure 2 shows the two potential energy curves on larger scale and the 
vibration levels associated with them. Taking as the most probable transition 
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Fig. 2. Potential energy curves and vibration levels for *II—>II bands (ultra-violet O.* bands). 
Energy in volts, nuclear separation in Angstrom units. 


the one which leaves position and momentum of the nuclei unchanged during 
the transition we obtain the curve in Fig. 3. The observed bands as found 
by Johnson" are marked with crosses. As the centre of gravity of the ob- 
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Fig. 3. Bandheads observed by Johnson marked by X, and curve of maximum 
intensity as calculated from Fig. 2. 


served bands coincides with the calculated curve, we have an additional 
confirmation for the chosen values of 7, and therewith for the potential 
of 20.3 volts. 


1 R. C. Johnson, Proc. Roy. Soc. 105A, 683 (1924). 
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SIMULTANEOUS IONIZATION AND EXCITATION OF 
DIATOMIC MOLECULES BY IMPACTS WITH 
POSITIVE IONS AND EXCITED ATOMS 


By O. S. DUFFENDACK AND H. L. SmitH 
University of Michigan 


(Received March 25, 1929) 


ABSTRACT 


A study of mixtures of helium, neon, and argon with carbon monoxide and 
nitrogen is made wherein it is demonstrated that impacts occur between a rare gas 
ion and a diatomic molecule leading to ionization and excitation of the latter. It is 
also shown that impacts of the second kind between excited helium and neon atoms 
and neutral carbon monoxide molecules, resulting in the simultaneous ionization 
and excitation of the latter, are possible. Experiments are described which show the 
effectiveness of either type of impact to be greatest when the energy difference is the 
least. These impacts are shown to explain several previously observed but unex- 
plained effects in similar mixtures in glow dicharges. Two new bands in the Baldet- 
Johnson band system due to ionized carbon monoxide with edges at 4454.95, 
4458.94, 4480.24, 4485.00; and 4494.30, 4498.31, 4519.89, 4524.89 are reported and six 
new edges and a new band at A3413.14, 3414.60; 3584.20, 3600.75; 4116.69, 4348.08; 
5856.30, 5860.37, 5900.21, 5905.85 in the comet-tail system. The wave-lengths of 
the heads of all bands of these two systems observed in this investigation have been 
measured and an analysis of the systems is given. From a study of the intensity dis- 
tribution of the negative band systems of carbon monoxide excited in He-CO and 
Ne-CO mixtures, the following deductions relative to the degree of excitation of the 
CO-ion in the two mixtures are made: In Ne-CO mixtures there are many moré CO- 
ions in the 16.8 volt state than in the 20 volt state, but in He-CO mixtures the reverse 
is true. A study of the intensities of the individual comet-tail bands excited in He-CO 
and in Ne-CO mixtures under the same conditions shows that the exciting processes 
in He-CO mixtures are more effective in exciting the higher vibrational states of the 
comet-tail bands than they are in Ne-CO mixtures. The spectrum of carbon dioxide 
recently observed and reported by Fox, Duffendack and Barker has been shown to be 
due to the carbon dioxide ion. 


VERY now and then some unusual and interesting effect observed in 

an electrical discharge through a mixture of gases at low pressure is 
reported. The conditions under which most of the effects have been noted 
were those of the ordinary glow discharge. One of the most interesting of 
these effects is the modification of the spectra of the components of the mix- 
ture. 

A series of investigations on the effect of helium, neon, and argon on cer- 
tain diatomic gases has been conducted by Merton and Johnson;! Johnson ;?* 
Johnson and Cameron;‘ and Cameron.’ The results of these investigations 
are summarized clearly in the Table I taken from Cameron’s paper. 


1 Merton and Johnson, Proc. Roy. Soc. A103, 383 (1923). 

? Johnson, Phil. Mag. 48, 1069 (1924). 

3 Johnson, Proc. Roy. Soc. A108, 343 (1925). 

4 Johnson and Cameron, Proc. Roy. Soc. A106, 195 (1924). 
5 Cameron, Phil. Mag. 1, 405 (1926). 
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TABLE I. Summary of the observed effects of rare gases on the spectra of diatomic gases. 











System Emitter In helium In neon In argon 
Comet-tail bands CCt strong less strong absent 
Associated bands Cor fairly strong weak absent 

(Baldet-Johnson) 
Negative carbon bands CO* very strong moderately strong very weak 
(ist negatives) 
Carbon arc lines . present absent absent 
Negative nitrogen bands N,* strong strong absent 
Nitrogen arc lines N present present in part absent 
Triplet system i present present present 
Ultra-violet oxygen bands O,* weak weak absent 
Negative oxygen bands O,* fairly strong very weak absent 
Oxygen OI O present present present 
Oxygen O II Or ? strong members absent 
present 








TYPEs OF IMPACTS 


The foregoing examples of mixture effects, together with many others 
not mentioned, make a systematic spectroscopic study of electrical dis- 
charges in gas mixtures desirable. It is the purpose of this investigation to 
make such a spectroscopic study, with a simple discharge, in order to dem- 
onstrate types of impacts which will explain many of the afore-mentioned 
effects. 

Most of the mixture effects mentioned in the beginning have been ob- 
served in glow discharges. This type of discharge is unsatisfactory if an 
explanation of the observed effects is sought on the basis of impacts, because 
of the complexity of the phenomena occurring in the discharge. A type of 
discharge must be chosen wherein the conditions under which the discharge 
takes place are rather easily controlled. The low voltage arc meets this re- 
quirement. 

Another most important reason for using the low voltage arc is that it 
permits the use of two filaments or hot cathodes, separately controlled both 
as far as electron emission and electron speeds are concerned. The use of 
such an auxiliary filament in the present investigation has aided materially 
in demonstrating the types of impacts just discussed above. 


APPARATUS 


A cross section of the discharge tube together with side and end views of 
the filaments and the plate is shown in Figure 1. 

The discharge tube was made of Pyrex glass throughout. The stoppers 
S; and S; and the quartz window W were sealed in with hard deKhotinsky 
cement and the joints water-cooled to prevent softening when the tube was 
hot. The side tubes A and B were placed diametrically opposite to avoid 
reflection from the glass wall at the back of the tube. The filaments were 
made by winding five turns of 12 mil tungsten wire about another of the 
same diameter used as an arbor. These spirals were welded to the 100 mil 
tungsten leads. The U shaped tungsten plate P was placed about 8 mm from 
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the filaments. The entire tube was placed in an electrically heated oven so 
that it could be thoroughly outgassed. 

The circuit used was similar in many respects. to the low voltage arc 
circuit. The important differences were that the two filaments F, and F, 
were on separate circuits, and by means of a potential divider, it was possible 
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Fig. 1. The discharge tube. 


to apply a smaller potential difference between F; and the plate than between 
F, and the plate. The necessary voltage for the filament and the plate 
circuits was supplied by storage cells. 

The usual apparatus for purifying, circulating, and storing the gases 
used was employed in conjunction with the discharge tube. The entire 
system was exhausted by a single stage mercury diffusion pump backed by 
a Cenco-Hyvac oil pump. 


MANIPULATION OF THE APPARATUS 


In evacuating the system preparatory to the admission of gas, the usual 
methods of pumping, and baking out of the discharge tube and charcoal 
traps were employed. 

The helium was obtained from the Bureau of Mines at Washington, D.C. 
Impurities were removed by circulating the gas several times through char- 
coal traps at liquid air temperatures. Magnesium discharge tubes were 
also operated during this time to aid in purifying the gas. 

The neon came from the Linde Air Products Company. This was ad- 
mitted to the system and circulated through charcoal traps as in the case of 
helium. The neon was found to be very pure. 
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The argon was obtained from the Nela Research Laboratory at Cleve- 
land. This gas was known to contain nitrogen. A calcium arc purifier was 
used successfully in removing the nitrogen from the argon. 

The carbon monoxide was prepared outside the system by heating chemi- 
cally pure oxalic acid crystals in the presence of concentrated sulphuric 
acid. This yields carbon monoxide with some carbon dioxide and water 
vapor. The mixture was passed through a wash bottle containing a concen- 
trated solution of potassium hydroxide to remove the CO. The remaining 
gas was passed over phosphorus pentoxide to remove the water. Any water 
vapor and carbon dioxide not removed at this time was condensed in the 
liquid air traps. The dried gas was allowed to flow into an evacuated bulb 
which filled up to atmospheric pressure. This bulb was sealed on to the sys- 
tem and the gas admitted through a stop-cock as desired. 

In producing mixtures of a rare and a diatomic gas the rare gas was ad- 
mitted first to the required pressure and the diatomic gas added very slowly 
and the two allowed to mix for some time. 


MIXTURES OF THE RARE GASES WITH CARBON MONOXIDE 
AND WITH NITROGEN 


The spectra of carbon monoxide excited by electron impacts® have re- 
cently been investigated in this laboratory. Nine band systems are now 
known. Six of these originate in the neutral molecule and the remaining 
three in the ionized molecule. The names of the bands and their respective 
excitation potentials are given in the accompanying energy level diagram. 

Comparative runs were made, using mixtures of each of the rare gases 
with first, carbon monoxide and later nitrogen, under the same conditions. 
There were five important variable factors to be considered, namely: partial 
pressures of the rare gas and the diatomic gas, total gas pressure, potential 
difference between electrodes, current density, and region of the arc photo- 
graphed. 

After a considerable number of trials with total gas pressures ranging 
from 0.5 mm to 10 mm and with partial pressures of CO varying from one 
half to one fiftieth of the total, an optimum total pressure was found at 2.4 
mm, with a partial pressure for the CO at 0.2 mm. Under these conditions 
an arc current of 40 milliamperes could be maintained under a potential 
difference of from 23 to 25 volts. 

A region of the discharge about 4 mm from the filament was focussed on 
the slit of the spectrograph. It is in this region that the greatest concentra- 
tion of positive ions produced by direct electron impacts is to be expected. 
Spectrograms made with the Hilger E2 quartz spectrograph under the above 
conditions showed in the He-CO mixture a beautiful development of the 
three band systems of CO, to the practical exclusion of the bands due to 
the neutral molecule. In the Ne-CO mixtures the first negative bands were 
present, but weak, the comet-tail bands were fairly strong, and the Baldet- 


* Duffendack and Fox, Astrophys. J. 65, 214 (1927). 
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Johnson bands absent. In the A-CO mixtures all of the band systems due 
to the ionized molecule were entirely absent. 


SIMULTANEOUS IONIZATION AND EXCITATION OF MOLECULES 
BY PosITIVE IONS 


In order to account for the development of the band systems of ionized 
CO in He-CO and Ne-CO mixtures the following three possible processes 
must be considered: (1) Direct electron impacts, (2) Impacts of the second 
kind with excited rare gas atoms, (3) Impacts by slow positive ions. 

1. Direct electron impacts. The simultaneous ionization and excitation 
might be due to direct electron impacts as Duffendack and Fox® have shown 
to be possible. 

That this process is not operative was shown by taking two spectrograms 
with an He-CO mixture in the tube. In the first, the applied potential dif- 
ference between the cathode and the plate was 24.7 volts. The second fila- 
ment was hot but no potential difference was applied between it and the 
plate. The arc current was 40 milliamperes. In the second, a voltage greater 
than the excitation potential of the first negative bands, 20 volts, but less 
than the ionization potential of helium, 24.5 volts, was applied between the 
auxiliary filament and the plate. The arc current was then 120 milliamperes. 
The current from the auxiliary filament being now twice as great as from 
the cathode, the possibility of excitation of the negative bands by direct 
electron impact was thereby increased threefold, while the concentration of 
helium ions was increased very little. The intensity of the first negative bands 
in the second case was not noticeably greater than in the first. It is to be 
concluded then that under the above conditions the CO molecule is not 
ionized and excited by direct electron impacts. . 

2. Impacts of the second kind with excited rare gas atoms. The helium spec- 
trum is made up of singlets and triplets. The singlet series belongs to par- 
helium and the triplet series to orthohelium. The lowest term of parhelium 
is a 11S term corresponding to the normal helium atom; the lowest term of 
orthohelium is a 23S corresponding to an energy of 19.8 volts. The 24S term 
corresponds to an energy of 20.5 volts. The neon atom has its lowest excited 
state at 16.6 volts. 

From the accompanying energy level diagram for carbon monoxide, Fig. 
2, it is to be noted that the 19.8 volt level of orthohelium and the 16.6 volt 
level of neon almost exactly coincide with the minimum excitation potentials 
of the first negative and comet-tail bands respectively. Hence it is to be 
expected that in He-CO and Ne-CO mixtures, collisions of the second kind 
may occur between the excited rare gas atoms and the CO molecules, wherein 
the latter are simultaneously ionized and excited. The small energy difference 
of 0.2 to 0.3 of a volt may be expected to come out of the relative kinetic 
energy of translation of the two colliding molecules, as Franck has shown 
to be possible. However a study of the first negative bands excited in He- 
CO mixtures and the comet-tail bands excited in Ne-CO mixtures shows an 
absorption of energy in the vibrational states of 0.8 volt and 0.7 volt re- 
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spectively, thus increasing the total energy necessary to excite the band sys- 
tem in the one case to 20.8 volts and in the other to 17.5 volts. While these 
values increase the amount of energy to come out of translational energy to 
rather large values, still the possibility of simultaneous ionization and ex- 
citation of CO molecules by excited He and Ne atoms must be considered. 

When nitrogen is substituted for carbon monoxide the situation is some- 
what changed, since the excitation potential of the negative band system 
of nitrogen, which is less than the ionizing potential of neon, lies far enough 
above the strong radiating potentials of neon to preclude the simultaneous 
ionization and excitation of nitrogen molecules by excited neon atoms. How- 
ever, spectrograms taken with Ne-Ne mixtures in the discharge tube under 
the same conditions used for Ne-CO mixtures showed a strong development 
of the negative bands of nitrogen. As a result it must be concluded that 
the appearance of the negative bands is not due to collisions of the second 
kind between excited rare gas molecules and the molecules of Ne, but that 
the Nz molecule is ionized by contact with the neon ion. 
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Fig. 2. Energy levels of H2, Ne, He, and CO*. 


In case both positive ions and excited atoms are present, each possessing 
sufficient energy to ionize a neutral molecule, then it is to be expected that 
both types of impacts will occur. Presumably that impact will be most 
effective wherein the energies are most nearly the same. 

3. Impacts by slow positive ions. The results of the preceding considera- 
tions indicate that the rare gas ion is an effective agent in producing the bands 
of the ionized diatomic molecule. If the rare gas ion is effective in exciting 
the negative bands, two possibilities suggest themselves, namely: 1. The rare 
gas ion upon contact with the molecule might ionize and excite the latter 
simultaneously, or 2. The excitation of the molecule-ion by direct electron 
impact might follow as a later event after the molecule had been ionized 
by the rare gas ion. 

That this latter process was not operative was demonstrated by intro- 
ducing into the discharge, electrons from the auxiliary filament at a voltage 
sufficiently great to excite the CO ions on collision. Here again the electron 
current from this filament was twice as great as from the cathode, the total 
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current being 120 milliamperes. However, no increase in the intensity of the 
negative bands was observed. On the other hand, the electrons from the auxil- 
iary filament were effective in developing the bands due to the neutral CO 
molecule, especially the third positive bands. These bands, not present in 
the original discharge, appeared with moderate intensity in the discharge 
with the auxiliary filament in operation, when the difference of potential 
between the auxiliary filament and the plate was equal to their excitation 
potential. In mixtures containing nitrogen the second positive bands of 
nitrogen were present even though the auxiliary filament was not used, but 
their intensities increased enormously when the voltage of the auxiliary 
filament reached their excitation potential. This suggests a new method for 
determining the excitation potentials of positive bands and arc lines. 


SIMULTANEOUS IONIZATION AND EXCITATION OF MONATOMIC 
MOLECULES BY POSITIVE IONS 


- In some recent experiments by Duffendack and Black, as outlined in a 
preceding paper, it is demonstrated that positive ions of high ionization po- 
tential may simultaneously ionize and excite monatomic molecules. In neon- 
copper mixtures those lines originating in levels lying between 21.0 and 21.4 
volts were greatly enhanced due to the fact that these levels are in resonance 
with the neon ion at 21.5 volts. 

The reaction may be written: 


Ne++Cu—Cut’+Ne 


The failure of the excited neon atoms, 16.6 volts, strongly to excite the 
Cut levels lying between 15.9 and 16.8 volts is probably due, as suggested 
by Professor J. Franck, to the presence of molecular hydrogen, which, with 
an ionization potential of 16.3 volts, quenched the excited neon atoms. 

The reaction may be written: 


Ne’+H.—H;++Ne+e 


IMPACTS BY SLOW POsITIVE IONS vs. IMPACTS BY EXCITED ATOMS 


Since in a discharge through a He-CO mixture there are He ions and 
excited He atoms, it is important to determine, at least in an approximate 
way, which is more effective in exciting the bands of CO, the He ion or the 
excited He atoms. A similar statement may be made for Ne-CO mixtures. 
Professor J. Franck has suggested that by adding hydrogen it should be 
qualitatively possible to say which is more effective in exciting a given band 
system, a positive ion or an excited atom. 

The following table shows the possible reactions in mixtures of He-CO- 
H, and Ne-CO-Hag, listed presumably in the order of their probabilities. It is 
assumed that the probability of the impact is greatest when the energy 
difference is the least. The energy values of the various components may 
be obtained from the accompanying energy level diagram, Fig. 2. 

The experimental work was carried out as follows:—Hydrogen was pre- 
pared by the electrolysis of water carefully dried over P2,O; and de-oxidized 
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by being in contact with a hot tungsten filament in the presence of P.O; for 
several hours. Helium was introduced into the system to a pressure of 2 
mm, then CO was added until the total pressure was 2.2 mm. With a plate 
voltage of 26 volts and an arc current of 40 m.a., a spectrogram was made in 
30 minutes with a Hilger E2 spectrograph. A second exposure was made 


TABLE II. Possible reactions in He-CO-H,and Ne-CO-H2 mixtures. 








Reactions Energy difference (volts) 





(a) He’+CO3COat+ He+e 
(b) He’+CO—-COj¢.3*’ +Het+e 
(c) He’+H.—-H.*+Het+e 

(d) He++CO—-COx20*’+He 

(e) Het*+CO-COj,¢.3*’+He 

(f) Het+H.—-H,.*++He 

(g) Ne’+CO-COy¢.s*’+Ne+e 
(h) Ne’+H.-->H.++Net+e 

(i) Ne+t+CO—-CO.*’+ Ne 

(j) Ne*+CO-COi.5*’+Ne 
(k) Ne++H:,—H,.*++Ne 
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with all conditions the same except that 0.01 mm of He was added. Ina 
third exposure the partial pressure of Hz was 0.05 mm, and in a fourth hy- 
drogen pressure was 0.1 mm, that is, there was one half as much hydrogen 
as carbon monoxide. 

Next, two exposures were made with Ne-CO mixtures in the discharge 
tube, the first with no hydrogen present and the second with 0.1 mm of 
hydrogen added. The plate voltage was 25 volts and the arc current 40 m.a. 

The results of these experiments are summed up in the following table: 











TABLE III. 
No. Partial pressures (mm) Intensities of the band systems 
He Ne co H, First negative Baldet-Johnson Comet-tail 
1 2 0.2 strong strong strong 
2 2 0.2 0.01 2s ° . 
3 2 0.2 0.05 weaker weaker much weaker 
4 2 0.2 0.10 . - very weak 
5 1.85 0.18 — weak absent fairly strong 
6 1.85 0.18 0.10 no change ” very weak 








The reduction in intensity of the comet-tail bands, as shown in No. 4 
above, is presumably due to the fact that reactions (6) and (c) are about 
equally probable. The smaller reduction in intensity of the first negative 
and Baldet-Johnson bands indicates that reaction (a) is much more prob- 
able than (c) and that (d) is more probable than (f). The first negative and 
Baldet-Johnson bands are no doubt largely excited through reaction (a) and 
to a lesser degree through reaction (d). 

The failure of the Baldet-Johnson bands to appear in Ne-CO mixtures 
may be due to the fact that the transition probability.from the 20 volt level 
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of CO* to the normal level of the ion is greater than that to the 16.8 volt 
level. In Ne-CO mixtures the 20 volt level is reached through reaction (2) 
only, which does not seem to be extremely probable; since the first negative 
bands do not have a great intensity in these mixtures. Number 6 in Table 
III shows that the addition of hydrogen does not affect the intensity of the 
first negative bands, which indicates that reaction (k) is quite improbable. 
In Ne-CO mixtures there appears to be a greater reduction of intensity of 
the comet-tail bands when He is added than there is in He-CO mixtures. 
This is probably due to the fact that the 16.8 volt of COt* is the final level 
for the Baldet-Johnson bands and the intitial level of the comet-tail bands, 
hence in He-CO mixtures where the Baldet-Johnson bands are strong the 
addition of H2 can only effect the direct excitation of the 16.8 volt level while 
in Ne-CO mixtures the excitation of the 16.8 volt level is due almost entirely 
to a direct process (g in Table II), but since (k) may be expected to be equally 
probable, the addition of Hz should greatly affect the intensity of the comet- 
tail bands. This is in agreement with the results shown in Table III. 


CONCLUSION 


The results of the fore-going experiments demonstrate conclusively two 
types of impacts, wherein a neutral molecule is simultaneously ionized and 
excited. 

1. An ion of one kind may, upon collision with a molecule of another 
gas, ionize that molecule and excite the resulting molecule-ion to the degree 
that the work of ionization of the one exceeds that of the other. This means 
that an ion may rob a molecule of an electron, and at the same time give to 
the resulting ion the excess energy made available by its recombination with 
the electron over the amount needed to take that electron out of the 
molecule. Since the energies of excitation are quantized there is usually 
some energy to be accounted for, and this probably goes into increased 
kinetic energy of one or both particles involved in the collision. 

2. An excited atom of one kind may, upon collision with a molecule of 
another gas, ionize that molecule and excite the resulting molecule-ion to the 
degree that the energy of excitation of the one exceeds the work of ioniza- 
tion of the other. In this process an electron is liberated and must take up 
its share of any excess energy as kinetic energy of translation. 

It is also demonstrated that the effectiveness of these impacts in ionizing 
and exciting a molecule depends upon the energy difference between the 
states involved, that type of impact being most effective wherein the energy 
differences are the least. 

There is no reason to believe that the method of excitation either by a 
positive ion or an excited molecule is limited to the ions or excited molecules 
of the rare gases or to multi-atomic molecules. The same processes may be 
expected to occur in any mixtures of gases or vapors and should find some 
application in the production of the first spark spectra of atomic ions to 
the exclusion of higher spark spectra or even of higher levels in the first 
spark spectra, and in the approximate determination of the excitation 
potentials of the spark lines. 
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SIMULTANEOUS INVESTIGATIONS 


During the progress of this investigation two other investigations of 
a somewhat similar nature, but attacking the problem from a different 
standpoint were being carried on, one by Harnwell’-* at Princeton and the 
other by Hogness and Lunn? at the University of California. 

It is very evident that, while the results of these two investigations are 
in harmony with those obtained by the writers, they are not as specific 
regarding the disposition of the energy in excess of that necessary to produce 
ionization. 


BAND SYSTEMS OF IONIZED CARBON MONOXIDE 
THE First NEGATIVE BANDS 


The appearance of the first negative bands of carbon monoxide when 
excited in the helium mixtures is different from that when the bands are 
excited by direct electron impacts. In the latter case the fine structure 
seems to be continuous right up to the head of the band, while in the former 
there is a break in the fine structure just back of the head which indicates 
an absence of transitions originating in low rotational states. 


BALDET-JOHNSON AND COMET-TAIL BAND SYSTEMS 


Two bands in the Baldet-Johnson system, one comet-tail band and 
several band edges in this system not previously reported were observed in 


TABLE IV. Baldet-Johnson bands. n’, initial vibrational levels; n'’, final vibratinal levels. 




















n’’ n'=0 1 2 3 

Int. 7 5 

r 0 3978.29 3729.88 3515.8 3331.9 

v 25129.3 26803 .5 28434 .9 30004 .3 

1674.2 1631.4 1569.4 

Av 1530.8 

Int. 5 

x . 4236.36 

v 23598.5 

Av 1504.7 

Int. 3 1) 

r 4524.89 4205 .74 

2 
v 22093 .8 23770.3 
1676.5 

Av 1480.0 

Int. 1 

X 4485 .00 

3 
v 22290 .3 











7 Smyth and Harnwell, Nature, Jan. 15, (1927); Harnwell, Phys. Rev. 29, 683 (1927). 
* Harnwell, Phys. Rev. 29, 830 (1927). 
* Hogness and Lunn, Phys. Rev. 30, 26 (1927). 
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spectrograms of the helium-carbon monoxide mixture. The wave-lengths 
of all the bands of both systems found on the spectrograms taken with 
the Hilger E1 quartz spectrograph have been carefully measured by inter- 
polation between lines of the iron comparison spectrum. The wave-lengths 
and wave-numbers of the band edges of both systems together with their 
intensities are given in Tables IV and V. The two new bands in the Baldet- 
Johnson system are both of longer wave-length than those previously 
reported, and two bands of short wave-length observed by Johnson were not 
observed by the writers. 


TABLE V. Comet-tail bands. 





























n”’ n’=0 1 2 3 4 5 6 
Int 2 8 10 9 7 4 2 
r 4879.72 4539.4 4248.66 3997.43 3777.86 3584.20 3413.14 

0 
v 20487.4 22023.2 23530.0 25009. 2 26462.2 27892.3 29290.5 
1535.8 1506. 1479.2 3. 0 1398.2 
Av 2180.1 2183.6 2183.1 2177.7 
Int 3.5 3 4 1 
X 5460. 83 5039.03 4682.20 4116.69 
1 
v 18307 .3 19839.6 21346.9 24284.5 
532.3 1507.3 
Av 2154.3 
Int 3.3 1 
_ 6189.06 5652.75 
2 
v 16153.0 17685.6 
32.6 
Int 00 
r 5856.3 
3 
v 17071 











The addition of new bands to the Baldet-Johnson system aids in the 
analysis of the system. According to Birge,!® these bands constitute a com- 
bination system between the initial states of the first negative and the 
comet-tail systems. The new Baldet-Johnson bands fit into the analysis 
made on this basis. The appearance of the bands excited in the various 
mixtures is in agreement with the above. 

Not all the bands of the comet-tail system reported by Baldet"™ were 
observed either by Johnson or by the writers, in particular the band at 
\5281A, corresponding to a wave-number 18,930 which in Baldet’s analysis 
is taken as the 0O—0 band. If this band is excluded and the band at A4879.72A 
taken as the 0—0 band, as Birge has done, then both the comet-tail and 
the Baldet-Johnson band systems may be analyzed to include the new bands. 


DEDUCTIONS FROM INTENSITY DISTRIBUTION OF NEGATIVE 
BANDs OF CO ExcITED IN HE-CO AND NE-CO MIXTURES 


It is supposed that the CO ion possesses only two energy levels above the 
normal state, namely at 20 volts and at 16.8 volts, and that the CO ion 


10 Birge, Nature 117, 230 (1926). 
1 Baldet, Comptes Rendus 180, 272 (1925). 
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when once excited loses energy only by radiation. In He-CO mixtures all 
three band systems are strongly developed with almost equal intensity, 
the comet-tail bands the most strongly. Since the first negative and the 
Baldet-Johnson bands have the same initial level, there must have been 
many more CO ions in the 20 volt state than in the 16.8 volt state. In 
Ne-CO mixtures, the first negative bands are weak, the Baldet-Johnson 
bands absent and the comet-tail bands fairly strong. This indicates that 
in the Ne-CO mixtures there are many more CO ions in the 16.8 volt state 
than in the 20 volt state. 


VIBRATIONAL STATES 


The ratio of the intensity of a band excited in a Ne-CO mixture to the 
intensity of the same band excited in a He-CO mixture may be expected 
to be the same for all bands with a common initial level. 

If one now takes the ratio of intensities of the individual comet-tail 
bands from the same initial level excited in He-CO and Ne-CO mixtures 
under the same conditions it is found that the ratio is approximately constant 
for a given value of ’, but as one goes to larger values of m’, the ratio de- 
creases. This means that the exciting processes in He-CO mixtures are more 
effective in exciting the higher vibrational states of the comet-tail bands 
than they are in Ne-CO mixtures. 


THE SPECTRUM OF IONIZED CARBON DIOXIDE 


Fox, Duffendack, and Barker” have recently devised a method for 
obtaining the spectrum of a gas while it flows continuously through the dis- 
charge tube. This method was applied to carbon dioxide and revealed a 
band spectrum not previously reported, which they assigned to the CO, 
molecule. 

This same band spectrum has been obtained in He-CO-O), and Ne-CO-O, 
mixtures but not in A-CO-O, mixtures. A reduction in the total gas pressure 
during the exposure was noted in all cases which suggests a clean-up of 
the CO, molecules in the liquid air trap near the discharge tube. The failure 
of the spectrum to appear in A-CO-O, mixtures accompanied by the pressure 
reduction suggests that CO, molecules were formed but not excited. 

Several runs were made using He-CO-O, and Ne-CO-O, mixtures with 
the auxiliary filament in use at voltages varying from 12 to 19 volts. No 
increase in the intensity of the bands was noted. This behavior suggests 
the simultaneous ionization and excitation of the CO, molecule by He and 
Ne ions, by excited He and Ne atoms or both. The immediate conclusion 
is that the so-called CO, bands are really due to ionized CO, molecules. 
In view of the fact that the bands appeared in neon but not in argon the 
excitation potential of the negative bands of COz must lie between 15.4 
and 21.5 volts, the ionization potentials of argon and neon respectively. 


2 Fox, Duffendack and Barker, Proc. Natl. Acad. Sci. 13, 302 (1927). 
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CONDUCTION OF ELECTRICITY THROUGH GASES 


The type of positive ion impact which has been demonstrated in this 
investigation obviously has very little effect on the number of charged 
carriers in the discharge tube since the process always results in the loss 
of a positive ion of one kind and a gain of one of another kind. If the newly 
formed ion has a different mobility than the ion instrumental in its formation 
a modification of the space charge may result as a secondary effect which 
may tend to change the value of the current through the tube. The ion 
formed in the impact while having the same charge will usually have a smaller 
energy than the ion making the impact, and since some of the energy of the 
latter is used in exciting the former, and since this energy of excitation is 
lost by radiation it is thus seen that more energy will be dissipated in the 
body of the gas than would otherwise be if the conditions were such that 
the impact could not occur. In this latter case more of the energy of the 
positive ions would be dissipated by recombination at the cathode where 
they are collected. 

Ionizing impacts by excited molecules will, however, have an effect 
in cases of conduction of electricity through gases. These effects may be 
expected to appear in regions like the positive column of a glow discharge 
when an electric field must be maintained of sufficient intensity to produce 
ions by electron collisions in order to maintain a neutral space charge in 
the column. If ionization results from impacts with excited atoms a reduction 
of the intensity of the field may result and should be observed when a slight 
amount of a suitable gas or vapor is introduced into the discharge tube. 
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THE EFFECT OF TEMPERATURE ON THE 
ABSORPTION BANDS OF FUSED QUARTZ 
IN THE INFRA-RED 
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(Received March 30, 1929) 


ABSTRACT 


The absorption bands of specimens of fused quartz, ranging in thickness from 
2.0 mm for the 3u region, to 4 10~* mm for the 8u region, were studied. In regions 
where sufficient energy was available, an echelette grating was used to give greater 
dispersion. Measurements were taken at room temperature and at 850°C. In accord 
with previous work, the absorption band in the region of anomalous dispersion at 
9u was found to shift toward longer wave-lengths with increasing temperature. With 
higher resolution, however, fine structure bands were found which did not shift with 
the temperature, but did undergo marked changes in intensity. Several sharp bands 
between 2 and 4y were found to remain fixed as the temperature was changed. A 
broad band which proved to be double, was found at 12.54. These bands did not 
shift with temperature. In most cases, there was a marked change in intensity with 
temperature. It was found that inside the strong bands, the absorption was much less 
at high temperatures, while outside the bands, the reverse was the case. 


INTRODUCTION 


ONSIDERABLE work, extending over a period of more than a hundred 
years, has been done on the absorption of various substances. The 
study of temperature effects on the absorption bands has been almost equally 
extensive. The first observations of this kind were made by Brewster, who 
described a series of experiments in his Treatise on Optics, published in 1831. 
In these experiments, Brewster studied the effect on the transmission of 
various specimens of colored glass. These experiments at first appeared 
to give conflicting results, that is, in some cases an increase in the tempera- 
ture caused an increase in the transmission, while in other cases, an increase 
‘in temperature made the glass opaque. In particular, Brewster found that 
blue glass when heated, transmitted first the yellow and finally the red, 
and as the glass cooled again, gradually cut off the red and yellow, trans- 
mitting only the blue. He found further that ruby glass when heated became 
practically opaque. Upon cooling, it again allowed the red to be transmitted. 
These results, conflicting at the time, were later explained by the fact 
that the color of the glass was due to rather broad absorption bands which 
cut off one or more regions of the spectrum, and that these bands, or regions 
of absorption, shifted toward longer wave-lengths as the temperature was 
raised. Thus, if a broad band extends from the ultra-violet up through 
the yellow, heating the substance would cause the band to shift toward 
longer wave-lengths, finally cutting off all visible light. On the other hand, 
if there were no band in the near ultra-violet, but there was a band extending 
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from the red end of the spectrum down through the yellow, then an increase 
in temperature would shift the band toward the red and finally out into 
the infra-red, thereby increasing the transmission. This shifting of the 
absorption bands toward longer wave-lengths with increasing temperature, 
was definitely shown by Conroy in 1891. He was the first to study the 
absorption bands with a prism spectrometer. 

Temperature also has a marked effect on the intensity of the absorption 
bands, and a corresponding effect on the width of the bands. As early as 
1852, Schonbein observed that substances that were highly colored at room 
temperature, became nearly white at very low temperatures. For example, 
sulphur appears white at —50°C. Many other substances behave in the 
same manner. An explanation of this loss of color at low temperature was 
made by Becquerel in 1907, while studying the effect of temperature on the 
absorption bands of the rare earths. Becquerel found that with decreasing 
temperature, the bands shifted slightly toward shorter wave-lengths. This 
was in accord with the work of previous investigators. He also found that 
at low temperatures, the absorption bands became very narrow, in some 
cases the bands were less than one-tenth as wide as at room temperatures. 
The bands were also found to be correspondingly more intense at the low 
temperatures. 

In recent years, considerable work has been done on the absorption 
bands in the infra-red. H. Rubens and G. Hertz! studied the effect of tem- 
perature on the reflection maxima of calcite and crystal quartz in the infra- 
red. They made measurements of room temperature and at the temperature 
of liquid air. In the case of calcite, they found no shift in the reflection maxi- 
mum as the temperature was changed. In the case of quartz, however, they 
claimed a slight shift of the maxima toward shorter wave-lengths as the 
temperature was lowered. From the observed points shown on the curves 
that were published, the only result that can be observed is a slight change 
in the relative intensity of the two bands. The position of maximum in- 
tensity remained fixed. This is in accord with results published recently 
by A. H. Pfund? who made a study of the reflection maxima of various sub- 
stances in the region of anomalous dispersion. Pfund found that the re- 
flection maximum of calcite at 6.54 showed slight if any shift when heated 
to 510°C. In the case of amorphous substances, Pfund observed that the 
reflection maxima of fused quartz and glass in the region of 94 underwent 
a marked shift toward longer wave-lengths as the temperature was in- 
creased, the shift for fused quartz being approximately 0.44 when the 
temperature was changed from 40°C to 1100°C. The reflection maxima 
for glass were found to shift approximately 0.24 when the temperature 
was raised from 40°C to 450°C. Pfund also found that with all substances 
studied, there was a progressive decrease in the reflecting power with in- 
creasing temperature. It was thought of interest to study the absorption 
in this region, so, at his suggestion, the following work under greater dis- 


1H. Rubens and G. Hertz, Berl. Ber. 256-274 (1912). 
* A. H. Pfund, J.0.S.A. and R.S.I. 15, 69-73 (1927). 
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persion, on the effect of temperature on the absorption of fused quartz in 
the regions from 2 to 124, was undertaken. 


APPARATUS 


The arrangement of the apparatus is shown in Figure 1. A Nernst 
glower, N, was used as the source of infra-red radiation. It was mounted 
in a small metal box to protect it from air drafts. It was operated from a 
storage battery. Since no other instruments were connected to the storage 
battery, the glower would reach a steady state after about fifteen minutes, 
and would then remain steady for several hours. It was found, however, 
that when a new Nernst glower was mounted, it was necessary to operate it 
for about an hour before it would reach a steady state. It was also noted that 








shutter 
Fig. 1. Arrangement of apparatus. 


shortly before a filament burned out it became unsteady. The radiation 
from the Nernst glower was focused by the mirror, 14,, on the specimen. of 
quartz, Q, to be studied. This specimen of quartz was mounted in a steel 
frame which fitted tightly in the furnace, F. The furnace consisted of a 
clay tube, 4 cm in diameter, and 15 cm long, around which were wrapped 
several turnsof Nichrome wire. The heating element was protected by a 
thick layer of asbestos. The ends of the furnace were still further protected 
by asbestos hoods to prevent convection currents as much as possible. The 
furnace had a rather large heat capacity, and was well insulated, requiring 
about 45 minutes to reach a steady state. The temperature of the furnace 
was measured by means of a thermocouple and galvanometer. After passing 
through the specimen of quartz, the radiation was focused by the mirror 
Mz on the first slit S, of the grating spectrometer. The radiation is then 
made parallel by the mirror M; and directed on the echelette grating® G. 


3 Kindly loaned for this work by Dr. Wood. 
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The setting of the grating was made by observing the position of the image 
of a lamp filament reflected from a small mirror mounted on the axis of the 
grating. From the grating, the radiation was focused by mirror M, on the 
second slit of the grating spectrometer S:. In order to prevent the over- 
lapping of the various orders in the grating spectrum, a rock-salt spectro- 
meter‘ was used. This consisted of a 60° rock-salt prism and mirror having 
a focal length of 30 cm, mounted according to Wadsworth. The second slit 
of the grating spectrometer was used for the first slit of the rock-salt spectro- 
meter. Behind the second slit of the rock-salt spectrometer, was placed a com- 
pensating vacuum thermopile,® which in turn was connected to a D’Arsonval 
galvanometer having a period of about 5 seconds. To read the galvanometer 
deflections, a scale was mounted at a distance of 5 meters. The order of 

















ou 











Fig. 2. Spring support for galvanometer. 


the grating and prism spectrometers in the present investigation, is the 
reverse of that used by W. W. Sleator® at the University of Michigan. 
Sleator used a prism of small angle and some difficulty was had in preventing 
overlapping in the near infra-red. In the present work, a regular 60° prism 
was used, and any overlapping of orders was entirely eliminated. The only 
reason for changing the order of the two spectrometers was the fact that 
the rock-salt spectrometer with thermopile already in place, was kindly 
placed at my disposal by Dr. Pfund. The grating spectrometer and the 


* Used by A. H. Pfund, J.0.S.A. & R.S.I. 15, 69-73 (1927). 
5 A. H. Pfund, Phys. Zeits. 13, 870 (1912). 
6 W. W. Sleator, Astrophys. J. 48, 125 (1918). 
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rest of the apparatus were then constructed around it. The sensitivity of 
- the vacuum thermopile was such that a candle at a meter’s distance gave 
a deflection of 2000 mm. 

One of the first difficulties to be overcome was the unsteadiness of the 
galvanometer deflection due to vibration of the building. Mounting the 
galvanometer on a wall bracket and resting the galvanometer on a thick 
felt pad cut down the vibration to some extent, but it was necessary to take 
readings between 12 and 4 o’clock in the morning. Finally, a spring suspen- 
sion was used. The arrangement is clearly shown in Figure 2. The suspension 
consisted of a heavy platform supported by a long spring having a very 
slow period. A long rod having crossed vanes on its lower end, was rigidly 
attached to the base of the platform. The vanes were immersed in heavy 
oil to damp out any oscillation set up by air drafts. To prevent air drafts 
as much as possible, shields were built around the galvanometer and sus- 
pension. This arrangement was very steady, in fact, striking the wall near 
the galvanometer support a sharp blow with a hammer caused no change 
in the galvanometer deflection, and a deflection of 0.01 mm could have been 
detected. With the arrangement thus described, it was possible to take 
readings to less than 0.1 mm at a scale distance of 5 meters. To obtain these 
readings, a very narrow diffraction band from a lamp filament was focused 
on the scale of a micrometer eye-piece. The width of the image thus formed 
was about 0.05 mm. 


RESULTS 


Considerable difficulty was encountered in obtaining films of quartz 
thin enough to be sufficiently transparent in the region of 9u. Films having 
a thickness of 0.01 mm were absolutely opaque in this region. By using a 
very hot oxygen torch, it was possible to blow some thin quartz bulbs having 
a thickness of 1.5X10-* mm. The thickness of the various specimens was 
determined by the channeled spectrum method. 

With a film of quartz having a thickness of 1.5X10-* mm, the curves 
shown in Figure 3 were obtained. The absorption was measured for tem- 
peratures of 25°, 780°, and 1100°C. As can be seen from the curves, the 
band is very broad and extremely deep, the transmission in the deepest 
part of the band being only 0.2 percent. As the temperature was increased, 
a progressive shift of the absorption region toward longer wave-lengths 
was observed. A marked increase in transmission was also observed at the 
higher temperatures, and a corresponding broadening of the band. The 
actual shift of the region of absorption was approximately 0.4u. 

A very interesting result appeared at about 9.45u, namely a slight, 
transparent region which did not shift as the temperature was changed. 
This small transparent region was found in every set of observations, very 
decided in some cases, while in others it appeared as a sharp change in the 
inflection of the curves. This transparent region suggested the probability 
of a small band on either side which did not shift with temperature, but 
which did change their relative intensity with increasing temperature. 
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The problem was then to obtain very much thinner films of fused quartz. 
Several methods were tried without success. Some of the thinnest films 
were immersed in hydrofluoric acid. This was not satisfactory, for while 
it did make the films thinner, they were not of uniform thickness, and could 
not be used. The first method was again resorted to, and finally a bulb 
was blown thin enough to show Newton’s colors. A small film from this was 
obtained having a thickness of only 4X10-* mm, or about one-twentieth of 
the wave-length of light in the region to be studied. This specimen was many 
times more transparent, and gave much better results as shown in Figure 
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Fig. 4. Transmission of quartz film 
4X 10-* mm thick. 


Fig. 3. Transmission of quartz film 
1.5X10-? mm thick. 


4. Unfortunately this film was not quite large enough to take advantage 
of all the energy available but this was more than made up by its greater 
transparency. In this case measurements were made at 25° and 850°C. 
A marked increase in transmission at the higher temperatures was observed, 
as in the previous case. Distinct bands were found at 9.28, 9.40, and 9.55y. 
A sharp bend in the curve for high temperature was observed at about 9.34y 
which was not so pronounced at low temperature. The position of the maxi- 
mum for all these bands remained fixed as the temperature was varied, 
which shows definitely that, while the region as a whole shifts toward longer 
wave-lengths with increasing temperature, the fine structure bands within 
the region remain fixed. Attention is called to the marked reversal of the 
relative intensity of the 9.40 and 9.55 uw bands. This change in the relative 
intensity of the fine structure bands with temperature is probably the cause 
of the apparent shift of the region as a whole. In all cases, two observations 
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were made with the specimen at room temperature, one before the high 
temperature readings were taken, and one afterwards. No permanent change 
in the absorption as a result of heating was observed, the two sets of data 
checking well within the range of experimental error. 

A detailed study was next made of the absorption of fused quartz between 
2 and 4u. For this purpose, an echelette grating, having 2000 lines per 
inch and concentrating in the region of 3.54, was used. The effect of tem- 
perature on the absorption bands in this region is shown by the curves in 
Figure 5. The band at 2.714 was very sharp, being slightly less intense at 
the high temperature and correspondingly broader. The position of the 
maximum remained fixed as the temperature was changed from 25°C to 
to 850°C. As before, low temperature readings were taken before and after 
the high temperature readings, and no permanent effect of the heating was 
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Fig. 5. Effect of temperature on the absorption bands of fused quartz in region of 3.5y. 


observed. Small bands at 3.834 and 3.90u did not shift with temperature, 
but there was a marked increase in absorption of the whole region with 
increasing temperature. The relative intensity of these two bands remained 
practically the same as the temperature was changed. A rather weak band 
was observed at 3.54y, slightly more pronounced at the higher temperature. 
A sharp bend in the curves occurred at 3.35u, and although there was a 
marked increase in the absorption at this point, the position of the bend 
was not changed as the temperature was raised. Small bands were found 
at 2.40u and 2.51y, the intensity of the bands being slightly greater at the 
high temperature, but remaining fixed in position. Two small bands were 
found at 2.934 and 3.00u. These bands were always present in the several 
sets of observations made, but there was a marked change in intensity of 
these bands in different observations, even at the same temperature. T. 
Dreish? has made a study of the absorption of fused quartz and crystal 
quartz in the 3u region. He found bands for crystal quartz at 2.91u and 


7 T. Dreish, Zeits. f. Physik 42, 426-427 (1927). 
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3.024 which correspond almost exactly to those mentioned ,in the present 
work at 2.93u and 3.00u. From this fact, and since fused quartz is a super- 
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Fig. 6. Effect of temperature on the absorption bands of fused quartz in region of 12.5y. 
Thickness of quartz 310-5 mm. 


cooled form that reverts very slowly at low temperatures to the natural 
form, namely, crystal quartz, it was thought that there might be slight 
traces of crystalline structure present, which might be the explanation of 
these bands. The specimen was examined under a strong microscope with 
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Fig. 7. Effect of temperature on the absorption bands of fused quartz in region of 12.5y. 
Thickness of quartz 2X 10-* mm. 


polarized light, and it was found to have a very slight structure. While 
these bands may thus be due to crystal quartz, it is possible that these bands 
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occur in both forms but with very great differences in the relative intensity 
in the amorphous and crystal form. E. K. Plyler® found a very slight band 
in crystal quartz which corresponds to the very intense band in fused quartz 
at 2.71. 

A study was next made of the absorption of fused quartz in the region 
of 12u. With a film of quartz of thickness 3X 10-* mm, the curves of Figure 6 
were obtained. The absorption region is very broad, showing a maximum 
at 12.46u. A thinner specimen, 2<10-* mm, was then used. The band was 
clearly shown to be double as seen in Figure 7. Besides the band at 12.46, 
there was a band of less intensity at 12.584. The intensity of the absorption 
region was much less at the high temperature, 850°C. The relative intensity 
of the two bands did not change with the temperature, and the position 
of the maxima remained fixed, as in all the previous cases. A marked broad- 
ening of the band was observed at the high temperature. 

Thus it appears that the individual fine structure bands do not change 
their position with temperature, although there is in some cases a relative 
change in the intensity of two neighboring bands which results in an ap- 
parent shift toward longer wave-lengths with increasing temperature for 
the unresolved band. In general, the bands are broader and correspondingly 
less intense at the higher temperature. 


DiscussION 


As to the nature of these bands, it is evident that they must be due to 
vibrations within the molecule itself. It has been suggested by E. K. Plyler,® 
that the bands at 9u, 12.5u, 21, and 26u are fundamental bands. This 
assumption is made on the basis of the great intensity of the bands, and on 
their position in the spectrum. In view of the results of the present work, 
however, it is possible that the fine structure bands at 9u are, themselves, 
combination bands rather than fundamental bands. In the first place, 
temperature should not affect greatly the relative intensity of the funda- 
mental bands. A fundamental band corresponds to an energy change of 
én=1. This amount of energy is absorbed in a jump from the level 0-1, 
1—2, or 2—3, etc. If the vibration were truly harmonic, the energy change, 
corresponding to a jump between any two consecutive energy levels, would 
be the same. But since the vibration is not exactly elastic, the energy, and 
accordingly the frequency, will be different in each case. The deviation 
from the true harmonic oscillator is a function of the temperature. Hence, 
a change in temperature would be expected to cause a change in the wave- 
length of the various bands. This effect, however, is of the same order of 
magnitude as the expansion of the substance with temperature, and is, 
therefore, too small to be detected with the present infra-red methods. 

On the other hand the combination bands result, primarily, from the 
deviations from the true harmonic oscillator, due to coupling between the 
vibrators, and since this deviation depends on the temperature, one would 


8 E. K. Plyler, Phys. Rev. 33, 48-51 (1929). 
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expect marked changes in the intensity of combination bands with tem- 
perature. 

Referring again to Figure 4, it is observed that the intensity of the 
bands at room temperature is as much as 500 percent greater than at a 
temperature of 850°C. Furthermore, if the bands found by Pringsheim 
and Rosen® using the Raman method, at 38u and 80u, together with those 
previously found at 26u and 2=uy, and the two observed in the present work 
at 12.46u and 12.58u are used to calculate combination frequencies, the fine 
structure bands at 9u appear as simple combinations of the bands of longer 
wave-length. If we denote the frequency corresponding to 12.46u by », 
12.584, by ve, 21p by vs, 26u by 1, 38u by vs, and 80 by %, the following 
results are obtained: 


Combination Wave-lengths 
Calculated Observed 
(2v3+ v6) 9.28u 9.28u 
(x1 +6) 9.39 9.40u 
(vo+2v¢) 9.574 9.554 


Whether these bands at 9u are combination bands or not, the fact still 
remains that the frequency of vibration is not appreciably altered by a large 
change in temperature, although the number of vibrators affected by coupling 
may vary in a marked manner as the temperature is changed, which results, 
in some cases, in the great variation in relative intensity of the combination 
bands with temperature. 

An attempt to check the bands found in the region between 2u and 4yu 
by the combination principle was made with the following results: 


TABLE I. Interpretation of bands between 2u and 4y as combinations. 











Combination Wave-lengths Combination Wave-lengths 
Calculated Observed Calculated bserved 
(5vi+ve) 2.42u 2 .40u (4v, +16) 3.01u 3.00u 
(31+ 2r2) 2.51ipu 2.51u (3v3 +44) 3 .36u 3.35u 
(3v1;+373) 2.634 2.624 (3v3+3v4+2r¢) 3.52u 3.54y 
(4v2+2v5) 2.71p 2.71p (3v2+2v¢) 3 .80u 3.834 
(4ve+ 75) 2.91u 2.93u (2v; + 2v3) 3.92u 3.90u 











The damping, which results from the deviation from the simple harmonic 
oscillator, produces the well-known effect of broadening the absorption 
band. And as this damping is a direct function of the temperature, the 
broadening would be expected to increase with increasing temperature. This 
was found to be the case. The increased broadening of a band was always 
accompanied by a corresponding decrease in the intensity of the band. 
This was to be expected from the fact that the amount of energy absorbed 
in the whole band depends directly on the number of absorbing vibrators 
that are present, and, since this number is constant for fundamental bands 
(except for the small change due to expansion of the material), the amount 


® Pringsheim and Rosen, Zeits. f. Physik 50, 741-755 (1928). 
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of energy absorbed must be constant. Hence, when the band becomes 
broader, it must necessarily become correspondingly less intense. 

While it is true that the frequency is not changed with temperature 
when the material has undergone no change of form, other than the slight 
thermal expansion, it is quite probable that where there are changes in 
the form of the substance with temperature, there will be a corresponding 
shift of the absorption bands. It is the intention to study this problem in 
the near future. 

In conclusion, I wish to express may appreciation to Dr. Pfund, who 
suggested the present investigation and was a continuous source of help 
and inspiration throughout the progress of the work, and to Dr. Wood for 
the loan of gratings and for helpful suggestions from time to time. I also 
wish to thank Dr. Herzfeld for his help in discussing the results and his 
kindly interest in the work in general. 
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THE QUANTUM MECHANICS OF CHEMICAL REACTION* 


By R. M. Lancer! 
Bureau of Standards, Washington, D. C. 


(Received March 27, 1929) 


ABSTRACT 


It is shown that the quantum mechanics is capable of describing processes which 
have all the aspects of certain chemical reactions. It turns out that a system may 
change from one configuration to another when a quantum level of the one configura- 
tion has the same energy as a quantum level of the other. Among such reactions men- 
tion is made and some discussion given of the large classes of molecular rearrangements, 
and decompositions, including radioactive disintegration. The dependence on pressure 
and temperature is slightly discussed and it is indicated that the present theory quite 
explains the necessity of the old “activation hypothesis” of Arrhenius. The old no- 
tions should, however, be modified to take into account that it is not sufficient to 
have at least the “activation energy” but the molecule must be in a particular state 
to react. Moreover when there are several “activated” states the rate of reaction 
from different ones may be very different indeed. Insight is gained into the nature 
of certain types of catalytic action including special wall catalyses. Some features of 
photochemical reactions are made clear by the theory. 


HE quantum mechanics have been shown? capable of dealing with very 

general types of transition problems which were outside the scope of 
the old quantum theory. The methods developed have been used® in a 
great variety of important applications with such marked success that it 
may be hoped that any physical phenomenon will be susceptible to the 
same treatment. 

With this optimistic point of view the problem of chemical change is 
approached. It is closely related to the problems already discussed and its 
importance justifies any serious effort even though much is left to be desired. 

The treatment of the present article is not the only one possible but it 
has the advantage that it can be discussed in familiar chemical and mechani- 
cal terms. The chief result of this first paper is that it gives a plausible 
picture of a certain kind of chemical change. The reason for an “activation 
hypothesis” appears clearly but it seems that modifications are necessary 
in the form which this hypothesis has taken up to the present. It will be 
shown that reaction takes place not when the energy content of a molecule 
exceeds a certain critical value ) rather when a molecule is in a particular 


* Publication Approved by the Director of the Bureau of Standards of the U. S. Depart- 
ment of Commerce. 

1 National Research Fellow, Bureau of Standards. 

? Especially in the hands of P. A. M. Dirac, Proc. Roy. Soc. 114, 243 (1927); E. Schroe- 
dinger, Ann. d. Physik 83, 956 (1927) and M. Born, Zeits. f. Physik 38, 803 (1926). 

3 E.g., C. Fues, Zeits. f. Physik 43, 726 (1927); G. Wentzel, Zeits. f. Physik 43, 524 (1927); 
F. Hund, Zeits. f. Physik 40, 742 (1927); Heitler and London, Zeits. f. Physik 44, 455 (1927); 
Gamow, Zeits. f. Physik 51, 204 (1928); Gurney and Condon, Phys. Rev. 33, 127 (1929). 


92 

















QUANTUM MECHANICS OF CHEMICAL REACTION 93 


state whose energy is equal to that of some other physically distinguishable 
state. The chance that the change will take place depends of course on the 
interaction between parts of the system and this interaction is dependent 
not only on the forces involved but most essentially on the distances in- 
volved. For example, in the reaction H+Cl,—~HCI1+Cl, the chlorine mole- 
cule might well have too much energy to favor the reaction. The energy 
required will at no stage be enough to separate the two chlorine atoms. 
When the molecule is in the right state the chance that a hydrogen atom 
remove one chlorine to form hydrochloric acid will go down exponentially 
with the distance between the chlorine molecule and the hydrogen atom. 

At present it seems that these same features characterize practically 
all types of chemical reaction, and what is especially interesting, they may 
also govern the heretofore mysterious field of catalysis. 


I. INTRODUCTION 


Since the “activation hypothesis” of Arrhenius no important advance 
has been made in the understanding of the nature of chemical reaction. 
Arrhenius designed the hypothesis to interpret the most striking fact of 
chemical reactions, namely, their enormous temperature coefficient. The 
assumption is that only molecules having more energy than the average 
(activated molecules) actually undergo reaction. So nicely did this as- 
sumption lead to the observed change of reaction rate with temperature, 
and so difficult has it proved to provide an alternative explanation, that 
chemists almost without exception believe the “activation hypothesis” to 
be sound. Apart from the one success for which the hypothesis was in- 
vented, it has led only to difficulties. The existence of activated molecules 
has in general not been demonstrated experimentally. Until within the 
last few years workers in chemical kinetics had been unable to imagine how 
molecules of the very high energy required by the “activation hypothesis” 
in the case of homogeneous unimolecular gas reactions could be supplied fast 
enough to account for the observed reaction rates. This question is by no 
means completely solved even now. Perhaps most disheartening was the 
failure of classical models in the matter of furnishing a convincing picture 
showing why a molecule was inert until it had a large excess of energy. 

Nowadays this failure is easily understood. Classical mechanics could 
not even approximate the phenomena of chemistry because it did not in- 
clude the principles which govern the forces between atoms. The “quantum 
resonance” has no direct counterpart in the older mechanics. Moreover, as 
will appear later, changes in configuration of a molecular system depend 
essentially on the very features of the problem which were quite immaterial 
in the classical theory, namely, the regions where the potential energy is 
greater than the total energy, and therefore inaccessible to a Newtonian 
system, which must have positive kinetic energy. 


4 See, however, M. Cantor, Wied. Ann. 62, 482 (1897), alsoO. Wulf, Proc. National Acad. 
12, 129 (1926). 
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In the considerations which follow, the question might arise as to whether 
it is proper to assume, as we do, that atoms brought close enough together 
to interact chemically can be approximately described by the functions 
which describe them when they are alone. This assumption is justified by 
the success with which the “zeroth” approximation has dealt with the homo- 
polar bond. The work of Heitler and London has shown that in the main 
the phenomena of chemical combination are reproduced without considera- 
tion of higher order effects. The phenomena of chemical reaction should 
have less stringent requirements for presumably reaction takes place only 
when the binding between parts of the molecules is normally loose or is 
greatly loosened (compared with the normal state) by a large excess of inter- 
nal energy. This state of affairs is very fortunate for the development of 
the quantum theory of chemistry, for the higher approximations are ex- 
tremely complicated. 


I. QUALITATIVE DISCUSSION OF THE WAVE EQUATION 


Whereas formerly the difficulty was to find any mechanism for a chemical 
reaction, the difficulty now is to decide which of many possible mechanisms 
is the actual one for a particular reaction. It is the chief purpose of this 
paper to describe a process which, with only slight modifications, will be 
applicable to many special types of reaction. The case in which the energy 
of activation, determined from the temperature coefficient, is greater than 
the energy of dissociation of the bond where reaction occurs is perhaps the 
most difficult but it will not be treated because it is not certain that such 
cases exist among chemical reactions. A possible treatment of this case 
has already been sketched® but it might be remarked here that the mention 
of certain reactions in the reference does not imply that these reactions are 
necessarily members of the class considered. 

It will be desirable first to discuss the wave equation for a case of one 
degree of freedom from a point of view which is well known. We may 
write it in the form 


Sy 5 (E-V 0 (1) 
dx? h? velit 


If V(x) were constant this equation would have the simple solution 
WP = Aet (2th) (2m(B-V) V2 (2) 
When V is not constant we may hope to approximate the solution by 


a similar form in which the amplitude and wave-length of oscillation or the 
decay constant (depending on the sign of (E-V) ) are variable. The forms 


et (2ri/h) f[2m(B—-V) )2dz 


sii |2m(E—V) ]*/4 8) 





5 R. M. Langer, Phys. Rev. 33, 290 (1929). 
*H. A. Kramers, Zeits. f. Physik 39, 828 (1926); G. Wentzel, Zeits. f. Physik 38, 518 (1926). 
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have been shown capable of yielding a good approximation. For (E-V)>0 
the solutions can be combined to give a real function 


cos} (2n/h) ff [2m(E—V)]¥%¢x 


ae [2m(E—V) }*/4 (4) 





and for (E-V)<0 the boundary conditions are satisfied by the solution 


et (2rish) f [2m(E—-V) }V2dz 


[2m(E—V)}*"8 





y= (S) 

Kramers has shown how the constant of integration can be chosen so 
that the solutions for the different regions will go continuously into one 
another through the singular points where E— V=0 in which (4) and (5) 
fail. The condition that this can be accomplished is approximately the old 
quantum condition on the energy, namely, 


g¢ pdx=2 [ [2m(E-V)}"dx=nh (6) 


where x; and x2 are two successive points at which E— V=0. Between these 
two points there are m zeros of ,. 

It should be noticed that the amplitude of y is especially large (although 
it turns out to be finite) at x; and x2. Moreover the exponential decay out- 
side of the region x, to x2 is so rapid that it will usually be permissible to use 
linear approximations for V and actually carry out the integration indicated 
in (5). For values of x even moderately remote from x, or x2, ¥ will be practi- 
cally zero. 


III. A System CAPABLE OF CHEMICAL REACTION 


The problem we wish to consider is the case in which there are more than 
two points at which E— V=0. For the sake of definiteness let us speak of a 
special but typical example—an atom A of free valence two is acted on by 
two heavy atoms, B and C, each with one free valence. Let the motion be 
restricted to one dimension. 

According to present notions of chemical forces in the configuration 


B A Cc 
the potential energy between B and A might be of the type shown in Fig. 1 
by the dotted curve BA, that between C and A by the dotted curve AC 
(the potential energy at infinite separation is taken as zero). Then if we 
assume that all separations are large enough so that no other mutual poten- 
tials arise, and that the two mentioned are not appreciably changed, the 
potential energy of the system will be represented by the full curve BAC. 


Under the circumstances a classical system could not undergo the re- 
actions BA+C#B+AC unless the initial compound had almost the dis- 
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sociation energy over its normal state. However, we know many reactions 
which fit our case but which could not possibly depend on the molecules 
having such a large energy. We shall see that in quantum mechanics the 
reaction might proceed even for certain lower values of E. 

First we shall inquire as to the allowed values of the energy of the com- 
posite system. For values of E less than the maximum of the curve BA C (and 
only such values are interesting here) condition (6) will be satisfied for almost 
the same energies that were characteristic for the curves BA and AC. The 
composite system has therefore all the levels of the two simple systems which 
could be formed from it by removal of either B or C. Fora particular value of 
E, characteristic of one of these systems, the solution of the wave equation 
for one of the regions where (4) holds (namely, the one where (6) also holds) 
will be practically the same as though the corresponding simple system 
were alone. Condition (6) assures that this solution will go to the proper 





BA 














Fig. 1. Potential distribution for rearrangement reaction. 


exponential form (5) just outside this region. The question now arises how 
shall this solution be prolonged into the other region where (E — V) is positive. 
In general the condition (6) will not hold for this region and it will therefore 
be impossible to get a continuous function different from zero in this region 
which will satisfy the boundary requirements beyond it. We conclude that 
if (6) is not satisfied in each region separately the solutions for the com- 
posite system are approximately the solutions for the two component 
systems. In the special case in which the two component systems have an 
energy level in common, (6) is satisfied for each of the two regions and a 
continuous solution can be made up of a linear combination of those solutions 
for the separate systems which correspond to the common level. It is this 
coincidence which forms the basis for the present theory of chemical reaction. 

The argument just outlined indicates that it will be possible to treat 
the problem by the methods used in perturbation theory although there is 
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no small quantity which can be considered as a perturbation potential. 
The point is that the problem can be formulated so that the matrix elements 
of the perturbation functions are small quantities. 

We shall do this by the method of variation of constants’ starting with 
the wave equation in the form 


8ar2m 4nmi . 
Av—-——Vw — v=0. (7) 








The potential energy V= V+ V® where V™ is the potential between 
Band A, and V® that between A and C. The general solution of (7) is 


W= LC ypype2tiFatlh (8) 
where the functions y, satisfy the equation 
8ax2m 


Avit 3 





(Ei.—V)¥i=0 (9) 


for the appropriate energy E,. For simplicity we shall always take the 
functions satisfying (9) to be real and to include a normalizing constant 
such that 








J lvelae=t. (10) 
The equations 
8x?m 4ami 
ee (11) 
82m 4armi 
Ay ® — 3 VOY — ; Yy2=0 (12) 


describe the component systems A with B, C at infinity and A with C, B 
at infinity, respectively. If the solutions of (11) are known functions 


YP Veri/nBit | 


YP Peri meit 


and those of (12) (13) 


we are led to expect that a zero’th approximation to (8) will be given by 


Y= DC Pi Merismeiey Dey hj PMe@ri/MEst, (14) 
i i 


To justify this we try for a better approximation by regarding the quanti- 
ties C; and y; as functions of the time instead of constants. Their derivatives 
will prove to be small and therefore (14) is a proper approximation. Sub- 
stituting (14) in (7), considering C; and 7; functions of ¢ and using (11) and 
(12) we can get for example . 

7P. A. M. Dirac, Proc. Roy. Soc. 112, 674 (1926); E. Schroedinger, Ann. d. Physik 83, 


956 (1927). The method of breaking up the potential energy has also been used by F. Bloch, 
Zeits. f. Physik 52, 555 (1928). 
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—(4emi/ KC pi Meeri/mesty Dia ernie) 
: i 


—(8r'm/i8)| VO XC Hi MeerimEt4 YO Dra Peers |=o 
i i 
from which by multiplying by y,;- and integrating 
Co (2ri/i)| YC se Peri) BiB ne DrVieresrmaraen| (15) 
rY 7 
where 
Vio = f V2 Ope dx, Vie O= f VOy Ope Odx (16) 
similarly 
v= (nism YC sj Peeeiim Bi-Bineg Dav ip errinerein| (17) 
i 7 
where 
VizO= fveqoppmar, V5pze%= f yang ty ogy, (18) 
When it is considered that the functions y;"” diminish extremely rapidly 
in receding from the region where E;— V is positive and corespondingly for 


y;” it isseen that the quantities of (16) and (18) are very small, as they 
should be, to establish our procedure. In the integrations, besides using 


frvem=o ixi’ (19) 
fviev-=0 IAs’ (20) 

we have used the fact that 
f nov@marso (21) 


and have therefore neglected 7, fy; dx and C: SWip;?dx as being of second 
order. If the problem is to be completely and properly solved then the 
functions Y“and Y® would have to be really orthogonal and (21) would be 
exactly zero. It is believed. however, that the results then obtained would 
be qualitatively the same as those here given. Of course in cases where 
(21) does not hold, i.e., where the functions are not even approximately 
orthogonal, our method does not apply. This failure will occur only when 
(Z—V) near the maximum of V is fairly small which is a very special case 
of little importance in most problems. 
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If the £,’s and £;’s are all distinct we can integrate (15) and (17) by 
discarding all terms excepting the important one which has zero exponent 
and obtain a first approximation instead of (14) 


Vv,(4)= DC Merish) Bt Vis ep Diy PY Perish) Bit Vie (22) 
i i 


If the system is initially in a particular state so that the constant coeffi- 
cients in (22) are all zero except one, then that one state will persist with 
only a slight energy displacement (i.e., phase change) due to the presence 
of a third body. That is to say no appreciable reaction occurs and therefore 
the case of all different energy levels is of no special interest for us. 

Something new arises when one of the E;’s coincides with an E;. Then 
there are two terms in (15) and (17) with zero exponents and which there- 
fore may undergo a considerable variation in amplitude. For these two 
states we shall label the energies (EZ; and E;) EZ, and E, respectively, and 
the wave functions (¥; andy, wand v® respectively. Then with E,=£,, 
(15) and (17) reduce to 


C=(2mi/h) [CVn +V ow | y=(24i/h)[CVuv +e] (23) 
with 


Vu= f Veutds Vuid= f Ve ouds 


(24) 
Vue = f V@uvdx V,,Y= f VOp2dx 
Equations (23) are solved by the substitution 
C=C? exp [(2ri/h)at] vy=y° exp [(2ri/h)at] 
The values of a are determined from 
Vus® —a@ Vou 
| =0 (25) 
Vuo™ Veo™ = 





The roots are 
a =3 (Vay + Voy) + [(Vuu?? + Vive )2/4 + V yun Vag ® — Vin V pp) Jt 
=4(Viau + Ve) + [(Veu® — Vive )?2/44+ Vou Vy Jt? 


8 There is an ambiguity of the sign of u with respect to the sign of v. Consequently V..“ 
and V,. may be either positive or negative although their product is always positive. Cor- 
respondingly there are two linearly independent solutions for the composite system. For two 
similar component systems one is symmetrical, the other antisymmetrical, in the attracting 
centers B and C. The symmetrical and antisymmetrical solutions which appear in problems 
involving several degrees of freedom involve oscillations which play a part in certain chemical 
changes and will be considered elsewhere. F. Hund, (Zeits. f. Physik 40, 742 (1927); also 
43, 805 (1927)) in discussing the wave equation, more particularly from the spectroscopic 
point of view, has emphasized the existence of solutions symmetric and antisymmetric in 
the coordinate, and has shown how in some cases these might describe a change in activity 
of a symmetrical optically active substance. 


(26) 
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and 


a= 3 (Vu? + Vee") aie [(Vuu’? — Vioy(?)?#/44+ V ou Vu ® Jt, (27) 


These are always real because V,,‘” and V,,°? have thesame sign. For these 


values of a (23) can be solved in the form 
C=Cote2ri/bat 4 Co-e(2rishyat 
y = yte@rishyat 4 0-9 (2ri/hat 


(28) 


where the constants C°t, y°+ and C°-, y° satisfy the relations 
C= V yy yt / (004 — Vig) = (4 — Viv?) yt /Vur® 
= { (Vu —Vyy)/2+ (Vn —Vyy)2/44 V vu Vuy 2 J8/2} yt / Vy 
and 
CH= Vu 9 /(a_— Vu) = (a= Veo 9“ / Vu 
= { (Vuu® — Voy )/2— [(Vau® — Vv )2/4 $V ou Vrs JY2} y-/Vuo®. 


If the system is initially in any state other than u or v then it stays there 
as in the case of Eq. (22). Let us say, however, that the system is, for ex- 
ample, initially in state x. Then the first approximation to the wave function 
is 


(29) 


VY, =Cue2tt/ Et 4 aye (2eish) Bat (30) 


where C and y are determined by the Eqs. (29) together with the initial 
conditions 


|c°| Son | C++C°- | Sanf 
| y°| - | yttyo | 2—(). 


, Writing C= |C°+ |e®+, C= |C-|e#*- the Eqs. (29) and (31) give 
6°—§-=(2n+1)r 


ly | =|] =| Veo |/(ey +e) 
= | Var | /2[(Vuu® —Vov)2/44V ou Vuy® J? (32) 
Using Eqs. (26) to (32) and with the abbreviation 
fg = [Vu — Vo ®)2/44V ou Vag ® J? (33) 
Eq. (30) reduces to 
Vi =(1/2h¢) { [(Vuu® —Vov™) sin 2xvgt+2hvg cos 2avet }u 


+ [2V i sin Larval |v} e(28i/*) rt Vuu®—Voo) /2)¢+i8+ (34) 


(31) 


This can also be written 
Wi =(1/hv,) { [(hve)?@+ (Vin — Vivo) 2/4]!/2u¢ sin 24(vgt- +) 


+V iy, -v-sin 2ave } e(2ri/h) (B+ (Vu ®—V op) /2)t+ib+ (35) 


where tan 27¢ = 2hy,/(Vuu® — Voy) 
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The coefficients of u and v in (35) inside the bracket are harmonic func- 
tions of the same period and amplitude. There is a phase displacement so 
that at one moment the coefficient of u is zero and at a time ¢/r, later, that 
of vis zero. The frequency of this oscillation v, as defined in Eqs. (33) and 
(24) depends on the shape of the potential energy curve. Usually the equa- 
tion hv ,= Vyu? = Vy,” will hold approximately. Consideration of this shows 
that the rate of transfer from u to v depends on the height of the maximum of 
V above E and especially on the range of x over which V-E has large positive 
values. These quantities enter exponentially in v, which is therefore sensi- 
tive to slight changes in them. 


IV. APPLICATION OF RESULTS TO CHEMISTRY 


The valence properties attributed to the system previously used as an 
example had of course no practical significance. The calculation of the last 
section will apply to any case where the potential energy curve is of the type 
shown in Fig. 1. And even Fig. 1 is to be considered in a generalized way. The 
potential energy need not go up indefinitely high on two sides; it might be- 
come asymptotically horizontal on one side or on both. There need not 
even be two minima, although if there is only one a slight modification must 
be introduced in the calculation; this will be done elsewhere. The particular 
features which are really characteristic are that the equation E,—V=0 
shall have more than two finite roots, and that £, shall approximately satisfy 
Eq. (6) in at least two different regions. 

A few remarks may be made about the assumption that the energy E, 
should exactly match in the two regions. The problem can be solved even 
when this is only approximately fulfilled. No essential change results. When 
there is a continuous distribution of solutions in one region, one must in- 
tegrate over all which nearly match the energy £, and this also involves 
no change in principle. A question arises as to how often even an approxi- 
mate match can be expected in molecular systems. First it should be pointed 
out that one of the characteristic features of infra-red spectroscopy is the 
ease with which it is possible to arrange all lines in a single or a very few 
series. The interpretation of this is that the different fundamentals have 
multiple relations between them which means that the energy match we 
require will be nearly satisfied quite often. Moreover, superposed on the 
vibration is the rotation spectrum so that each level is effectively broadened, 
especially when we consider that these rotations have long periods and are 
therefore easily subject to perturbation so that they may become practically 
continuous over considerable ranges. Of course when there is a large con- 
tinuous range of energies or when the two component systems are exactly 
alike, there will be many different values of energy which match exactly. 

We can describe the matter in more nearly chemical language. A system 
may be capable of existence in two geometrically different configurations. 
In each of these configurations it may have only certain motions charac- 
terized by the total energy. If one of the allowed energies of one configura- 
tion coincides with one of the other then according to Eq. (35) the system 
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will periodically change from one configuration to the other. If the configura- 
tions are physically distinguishable then this change can well be called a 
chemical reaction. It is important to notice that one configuration changes 
to the other not from the normal state but only when it is in the excited 
state of the first configuration. This is the theoretical foundation for the 
“activation hypothesis.” 

The rate at which the reaction proceeds depends on external conditions 
such as pressure, temperature, etc., as well as on the forces of the system 
itself, for these external conditions determine how many systems will be in 
a favorable state for reaction at any moment. Let us say that a system 
changes in a reaction from configuration I to configuration IT, let us call the 
states of equal energy u for configuration I and v for II. Then among a large 
number N of states in configuration I a fraction f, will be in the important 
state uw. This fraction will depend on the temperature according to the Boltz- 
mann law. The full Boltzmann quota will however not be reached unless 
the pressure is high enough so that the number of collisions raising molecules 
of configuration I to state u is large compared with the number which leave 
state u according to Eq. (35). The rate will therefore depend on the tem- 
perature in the way required by the “activation hypothesis” and will also 
diminish with the pressure in the manner already discussed in the study of 
unimolecular gas reactions.* There is still a further interesting possibility. 
According to the ordinary interpretations of the wave equation the fractional 
number of systems in state v will be given by the square of the coefficient of 
vin the solution (35) of the equation. In our case this is 


| Vuv |? sin? 2avgt/(hv,)?. (36) 


If collisions played no part, the systems would pass back and forth between 
u and v, but actually they will tend to remove the systems from state v to 
other states of configuration II while on the whole they will scarcely affect 
the number of systems in state u which is nearly in equilibrium with other 
states of configuration I. Under ordinary conditions when this action of 
collisions is taken into account the expression (36) will be changed into one 
with linear initial dependence on the time so that the reaction will follow 
unimolecular exponential law. But if the pressure is low enough, that is, so 
that the time between collisions is long compared with the period 1/v, in 
(36) the periodic feature will be important and the rate of reaction will be 
enormously diminished. Such an effect has been observed!® and been in- 
terpreted in another way which may of course be the correct way. 


V. MOLECULAR REARRANGEMENTS 


The process which has here been treated may not be clearly in evidence 
in some reactions because of preliminary or consequent steps in the reac- 


®O. K. Rice and H. C. Ramsperger, Jour. Am. Chem. Soc. 49, 1927, and 50, 1928. See 
also L. S. Kassel, Jour. Phys. Chem. 32, 1928. 

If there is more than one pair of states u and v, then the most general dependence on pres- 
sure considered by these authors can be reproduced without taking on their special assumptions. 

10 Chariton and Z. Walta, Zeits. f. Physik 39, 547 (1926); N. Semenoff, Zeits. f. Physik 
46, 109 (1927); 48, 571 (1928); also G. Sprenger, Zeits. f. Physik. Chemie 136, 49 (1928). 























QUANTUM MECHANICS OF CHEMICAL REACTION 103 


tions. Nevertheless there are cases where the existence of such a process has 
been fairly well established as a part of a chemical change. For example in 
the so-called Hofmann rearrangement one of the steps is the change 


— — 0=C=-N 
R 


A common rearrangement is from the “cis” to the “trans” configuration 
of a complicated molecule. This is represented diagrammatically in Fig. 2. 
It is easy to picture in these rearrangements a potential energy curve of 
the type of Fig 1. The various types of photochemical behavior in these 
reactions are easily understood on the present theory. Consider for example 


oo oO, 


> 








Fig. 2. Diagrammatic representation of the “cis” to “trans” reaction. 


the case where the reaction of Fig. 2 can be made to go almost completely in 
one direction or another by illuminating with different wave-lengths. In the 
configuration I it might take hv, to raise the system to state u while in con- 
figuration II, it might require a different energy hv, to raise the system to 
state v. Illumination by frequency around », will clearly tend to make the 
reaction go in one direction while frequencies around », will push it in the 
other. If the values Av, and hy, are large compared with kT the reaction may 
be made to go almost to completion in either direction. Other types of photo- 
chemical reactions can be treated in a similar manner. 


VI. CATALYsIs 


The fundamental requirement that two configurations of a system must 
have a common energy level will of course not always be sufficiently met to 
permit appreciable reaction. A suggestion comes immediately from the 
quantum mechanical theory which may explain a very important type of 
catalysis. The curious thing about catalysts is that often without any very 
energetic interaction with a molecular system they have a great influence on 
the rate at which the system undergoes a change involving considerable en- 
ergy. One might imagine that the catalyst have a fairly weak attraction— 
that of an induced dipole for example—on the molecule. The proximity of 
the catalyst will change the shape of the potential of Fig. 2 and even a small 
change may suffice to bring about an equality of energyin two configurations. 
The reaction then proceeds without affecting the catalyst. This perturbing 
influence may be a specific one where a particular substance affects another 
so as to match energy levels just accidentally. That substance may then 
catalyze only one type of reaction. Another substance may naturally have 
a strong field of force so that it will perturb almost anything. Moreover 
this perturbation may be variable, depending on the orientation or concen- 
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tration of molecules and so there will always be a match in energy level for 
some molecules. Such a substance will be a catalyst for many reactions. A 
solid body has a good chance of being of this type. The natural irregularity 
of the surface may provide the variability which is required for different 
reactions. We have evidence that a catalytic surface often is especially ac- 
tive in special “spots” and this is nicely in accord with our picture. On these 
spots, possibly with rapidly varying curvature, some molecules are sure to 
be perturbed just the right amount. 

To be sure this theory does not preclude the existence of many totally 
different kinds of catalysis. 


VIIl. THE RACEMIZATION OF PINENE 


Since its investigation in vapour and liquid phase! the unimolecules 
transformation of pinene from a dextro to a laevo variety or vice versa has 
been of great interest to workers in chemical reaction theory. This reaction 
involving no change of heat content is carried out only through molecules 
having an average internal energy of about 40,000 cal. per gram mol. 

This is a particularly simple case under our theory. The pinene molecule 
has the structure 











CH; 
| 
C 
H H 
\ 
C % 
CH3 
C7 
NcHs 
‘\ H 
/ * 
H H 
C 


, 


The reaction presumably involves a rearrangement of the central group from 
a position above the plane of the ring to a symmetrical configuration below 
it. Whether the motion is through the ring or around the corner carbon, 
the potential energy can be represented in a way of the type of Fig. 1 with 


1 —D. Smith, Jour. Am. Chem. Soc. 49, 47 (1927). 
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the special feature that it is symmetrical to a line through the maximum of 
the potential. In this case all the energy levels in one configuration will be 
matched by levels in the other and so the reaction could proceed from any 
level. The rate at which the change takes place is extremely sensitive to 
the value of E since in the important part of (35) or (36) namely v,, there 
is a negative exponential factor involving (V-E). The symmetry of the po- 
tential makes 


Vou = Vay and Veg’? = Veo™ 


so that v, reduces to 
i) 
—2 


The only values of x at which there is an appreciable contribution to the 
integral are those between which E-V is negative. In this region u and v 
will be given by expressions of the form of Eq. (5). It can be shown from these 
that (37) will contain as an essential factor exp [(22i/h)f[2m(E-V) ]**dx | 
where the integral is taken over the range where E— V <0 and where V is 
the resultant potential energy function. The square of this expression de- 
termines the rate of conversion between u and v and we see why the change 
is faster for molecules of higher energy. On the other hand there are fewer 
molecules of higher energy so that the average energy of the reacting mole- 
cules is limited. 

There is some possibility of computing numerical values for this reac- 
tion from the variation with pressure. We shall however in this paper avoid 
numerical comparison with data. 

Other reactions of this type are known in liquid phase although not all 
appear to be as simple. In particular it is by no means necessary to have a 
symmetrical potential energy function. In fact the potential function is 
usually not symmetrical. This however is no complication in principle. 


VIII. DECOMPOSITION 


The straightforward breaking up of a molecular system is a very import- 
ant class of reaction. Many of the homogeneous unimolecular gas reactions 
are of this type. A.common feature of most of these reactions is that they 
involve the ejection of a part from a central position in a more or less sym- 
metrical system. Notice for example the structures 


H H 


| | 
H—C—H H—C—H 


| | 
H—C—N = N—C—H azoisopropane 
H 


| | 
H—C—H H—C— 

| | 

H H 





t 
{ 
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H H H H 
| | | | 

—e 7 diethyl ether 
H H H H 


It might be imagined that for small oscillations about the horizontal axis 
of symmetry the central part is attracted. If the amplitude becomes large 
the opposite parts of the molecule might attract each other directly and then 
repel the displaced central part. The potential energy curve would be of the 
type shown in Fig. 3. For every allowed positive value of the energy in the 
region with the minimum there is a continuous range of nearly equal values 
allowed in the outside region. A similar diagram holds for radioactive prob- 
lems which therefore also come under the class here considered.” 


[Nn 











Fig. 3 Potential distribution for a decomposition. 


The existence of a continuous range of energies requires a slight devia- 
tion from the development of Eq. (35). We shall go through with this with- 
out striving for completeness mathematically so that it must not be expected 
that our results will cover all cases satisfactorily. The failure of the present 
treatment comes about just as in the case when there are two minima, 
namely, when E-V does not become a large negative quantity over a suffi- 
cient range near the maximum of V. 

Under the conditions assumed, the solution to the wave equation must 
be written 


V(x) = DCas (aor mast + f VE (E, x)e@rMEGE (38) 


12 Radioactive disintegration has recently been treated by Gamow, Zeits. f. Physik 51, 
204 (1928), and by Gurney and Condon, Phys. Rev. 33, 127 (1929). 

18 A similar treatment has already been given by }. R. Oppenheimer, Phys. Rev. 31, 66 
(1928). 
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where we normalize the orthogonal functions y®(E, x) so that 
(AE)! ff Y(E,x)y(E,'’x)dEdx=1 (39) 
AE 


provided | E’—E | <AE where AE is any arbitrary interval of energy, while 
the same integral is zero when | E’—E| >AE. The condition 


f Vi (x)PO(E, 2)dx=0 (40) 


is still required. 
We can now repeat the process used with Eq. (7) and find 


Cv =(2ni/h)]| CCV ie Peery Garey f 1 E)V ge Deril®) BBs td F 


= , _ 








+(E’) =(29i/h) LeVameanmaceng fy(EVeMetene-eregE | (42) 


= : 
. 
where 


Vie@= f Vy Ope dx 


Vee = f VOYO(E, aWe'(a)dx 
(43) 
Viz ® = f reno oce ade 


Vege = lim (ak) fax f VOYO CE, xp (E’, xdE. 
AE’=0 AE’ 


As before we wish to have the system initially in state u so that we take 
Cv =|C| e, ve =u, |C}=1, C=O for ixi’ 
y"(E)=0, yO(E’,2)=0 


Since the quantities (43) are small we can solve (41) and (42) with enough 
approximation for short intervals of time by putting for C and y(£) their 
initial values. The integrals then are 

C=(2ri/h)-CVuuPt+C° (44) 
y(E’) =CV,,. /(E,—E’)- [e(2ri/h) Bu-B/)t 1 ] ; (45) 
The initial change in the fractional number of systems in states v is given by 


integrating the square of (45) over all energies EZ’. If N, is the number of 
systems in state u 
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—AN,/Nu= fi | Vor |2/(Eu- 2) (2-2 cos {(2/h)(E,—E’)At} dE’ 


(46) 


=4f | Vu | 2/(E,—E’)?- sin? { (4/h)(E,—E’)At} dE’. 


If we note that only values of £’ near E, contribute to the integral, and 
that V,, is a slowly varying function of E’ we may write 


' in sin? { /h(E,—E’)At} -dE’ 





AN./Nu=—4| Vur® 








“a (E,—E’)? 
* sin? x 
= —4n/h- | Vur® | at f - dx (47) 
= 
= — (42?/h) 7 | Vu»e™ | "At. 
In integral form 
_ Nyden(4xt/ny IVunite (48) 


showing the exponential decay characteristic of decompositiogproc esses. 


IX. CONCLUSION 


The sketchy treatment of this paper is of course not sufficient to estab- 
lish the theory proposed. It will be necessary to show numerical agreement 
with experiment. This will be attempted in a more concrete treatment to 
be published in the Bureau of Standards Journal of Research. Some special 
experiments which might test the point of view will be mentioned in future 
papers. 

It should be emphasized that the analysis which has been presented ap- 
plies not only to one-dimensional cases such as those mentioned in this ar- 
ticle but, without appreciable change, can be made to describe similar 
problems from the point of view of electron coupling, or the very important 
reactions in which two parts of the system interchange positions. The funda- 
mental requirement is simply that a molecular system be capable of existing 
in physically distinguishable states of equal energy. From this general point 
of view practically any type of chemical change can be treated in the manner 
of the present paper. The special problem in each case is to find the per- 
turbing potential which acts on the reactants, making it possible for them 
to go over into the reaction products. This question will be further discussed 
elsewhere. 
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THE MOMENTUM DISTRIBUTION IN 
HYDROGEN-LIKE ATOMS 


By Borts PopoL_sky* AND Linus PAULING 
University of California, Berkeley 


(Received April 5, 1929) 


ABSTRACT 
The probability density that an electron have certain momenta is given by the 
square of the absolute magnitude of a momentum eigenfunction Trim (P, 8, ®), in 
which P, @, and @ are spatial polar coordinates of the total momentum vector re- 
ferred to the same axes as the coordinates r, 0, and ¢ of the electron. The following 
general expression for these functions for a hydrogen-like atom is obtained: 














Te (21+1)(1—m)!\ 1/2 
= +imb que m 
Tam(P,O,#) leon" t} 2+)! "e (cos @)f 
—()" - «f= a); 
(yh)? (nD! (rs een Cor | 


in which ¢=(22/yh)P, with y= (42%ye2Z/nh*) =(Z/nao). The probability 2,.(P)dP 
that the electron have a total momentum lying within the limits P and P+dP is also 
evaluated, and it is shown that the root mean square of the total momentum is equal 
to the momentum of the electron in a circular Bohr orbit with the same total quantum 
number. 


HE eigenfunctions V,,,,(7, 8, @) which are obtained by solving the 

Schrédinger wave equation for a hydrogen atom are functions of the 
spatial polar coordinates r, 0, and @ of the electron relative to the nucleus. 
The interpretation which has been given them is that the square of the 
absolute magnitude of an eigenfunction represents the probability per 
unit volume that on experimental investigation a hydrogen atom in the 
state characterized by this eigenfunction will be found to have the con- 
figuration described by r, 6, and @. Thus [Vrim(, 6, ) |? can be called the 
distribution function for the electron; the probability that the electron will 
be found in the elementary volume dV in the region given by certain values 
of the coordinates relative to the nucleus is [Vrnim(?, 6, g) |? dV. 

In Dirac’s transformation theory the eigenfunction V,:»(r, 9, @) is the 
transformation function from the cartesian coordinates of the electron to 
the quantum numbers, and may be represented by the symbol (x, y, 2/ 
n,l, m). The transformation function from the momenta pz, py, p: to the 
quantum numbers 2, 1, m, which may similarly be given the symbol ()., 
Py, p:/n, 1, m), can also be used to give a distribution function, in this case 
in momentum space. If this transformation function is known for a given 
set of values of , 1, and m, then the probability that the electron have a total 
momentum lying in a given range can be easily calculated. The usefulness 
of this transformation function is indicated by one recent application.' 


* National Research Fellow in Physics. 
1J. W. M. DuMond, Phys. Rev. 33, 643 (1929). 
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In this paper we are communicating a general expression for the trans- 
formation function from momenta to quantum numbers for a hydrogen- 
like atom. Weyl? has discussed another method of obtaining the momentum 
eigenfunctions as solutions of an integral equation, without, however, 
carrying out its application to the case of a hydrogen-like atom.’ 

2. The transformation function (p., py, p./n, 1, m) can be obtained from 
that (x, y, z/n, 1, m) by the equation‘ 


(Pz, Py, ps/n,l,m) 
= ier f f f cormrenetenrten(x,y,3/n,Lmdadyas. (1) 


Let us substitute for x, y, z the spherical polar coordinates given by the 
equations 


x=rsin@cos¢ 
y=rsin @ sin (2) 
z=rcos 6 

and write for pz, py, pz 


p:=Psin®9 cos ® 
py=P sin® sin ® (3) 
p:=P cosO. 


P then is equal in magnitude to the total momentum vector, and the angles 
© and ®@ give the orientation of the momentum vector relative to the car- 
tesian axes of coordinates. The function (fz, p,, p:/n,l,m) then becomes a 
function of P, ©, and ®, which we may call the momentum eigenfunction 
and give the symbol T,,,,, (P, 9, ©). Eq. (1) is transformed into 


Trim(P,O, &) (4) 


r) r 2r 
= j-3/2 f f f e7 (2rt/h) [sin@singcos(g—¢)+cosécosg)rP . Vnim(r,0,o)r? sin 6drdéd 
0 0 0 


1 (21+1)(I—m)!\/2_, 
asnlr0,6)= 4 —— atin | 2(1+m)! ) Pos} 


Dy) t+1 —J—1)!\1/2 ; 
{ nan Ga ) errLeia) (5) 


in which y =477ye?Z/nh? = Z/nap. 


*H. Weyl, Zeits. f. Physik. 46, 1 (1928). 
* On page 43 of his paper Wey! states that the momentum eigenfunctions are given in 
his dissertation, Math. Ann., 66, 307-309, 317-324 (1908). We have, on attempting to verify 


- this, found nothing in his dissertation that we could interpret as constituting a solution of 
this problem. 


* P. Jordan, Zeits. f. Physik 40, 809 (1927). 


with 
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The symbols are the customary ones. Pj" (cos Q) is Ferrers’ associated 
Legendre function of degree / and order m; and li (2yr) is an associated 


Laguerre polynomial, defined by the identity 











© Tiaglt) et 
2 ete Oa - 
3. Let | 
h= J  jtimetacone-Odg, with b=—(2n/h)rP sin 6 sin®, (7) 
and 
I= J "eiccontena, P"(cos 6) sin @d0, with c=—(2x/h)rP ; (8) 
then 
—3/2 ast 1\1/2 I+1 = 1/2 
anahinaea dais ae ) ae — ) 
[neve omer. (9) 


The values of the first and second integrals are known. The trans- 
formation 


o— P= (10) 


converts J, into Sommerfeld’s integral,* which gives a Bessel function of 
order +m: 


2r 
I=etine f etimutibeosudy = 2x jt™J, (b)etim®, 
0 


The relation 
J —m(b) = 7? "J (db) 
permits this to be transformed into 
T= 2ni"J n(b)etime, (4) 


We shall need the relation between the associated Legendre functions 
and the Gegenbauer C; functions,’ which may be defined by the generating 
function® 


’ E. Schrédinger, Ann. d. Physik 80, 484 (1926). 

* A.Sommerfeld, Math. Ann.47, 335 (1896) ; see also Jahnke and Emde, “Funktionentafeln,” 
p. 169. 

7 L. Gegenbauer, Wiener Sitzungsber. 70, 6 (1874). 

® An explicit expression for the C’s is given in Whittaker and Watson, “Modern Analysis,” 
p. 329. 
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0,=(1—2ut+u?)"= Tewur. (12) 


k=0 


When v=} these functions reduce to the Legendre polynomials. On putting 
v= 4 and differentiating m times with respect to ¢ we obtain the relation 


P(t) =1-3-5 ++ + (2m—1)(1—P) "PO" PE), (13) 


In 1877 Gegenbauer® evaluated the following definite integral 
f ettcosbcosd J, _1/o(z sin 8 sin Y)C7(cos 6) sin’t!/? 6d6 
0 


lr 1/2 
-(=) it sin"—/°¥Cx(cos ¥)Jrx(z). (14) 


2 


If we put v=m+}, z=c, s=@, and r=/—™m, this becomes, with the help 
of Eq. (13), 


f eiccosbcose J. (¢ sin 6 sin @)P"(cos 6) sin 006 
0 


2x 


== (=) "P™ (cos O)Jizsa(c). (15) 


c 


On substitution for J, of its value given in Eq. (11) it is seen that J, 
is, except for a constant factor, equal to this integral, so that we may write 


ar 1/2 
c 


Tg=2mi'eti ~*P7(cos0)( ) J i41/2(€) 





—" h\'/2 2arP 
= ~24(—ij'emeP*(cos ©)(—) PF anh ; ). (16) 


Referring to Eqs. (9) and (16) we see that Tim (P, 0, ®) contains the 
integral 





ne 143/°° 2mrP\ 9141 
enrrytts n\— Li4.(2yn)dr, (17) 
0 a 
which on substitution of 
&=2yr and (=2xP/yh (18) 
leads to 
(2yymeosinn fT ereregaray, y (AEE Ode. (19) 
0 


* L. Gegenbauer, Wiener Sitzungsber. 75, 221 (1877). The integral is also given in Wat- 
son, “Theory of Bessel Functions,” p. 379. 





‘ 
















MOMENTUM DISTRIBUTION IN ATOMS 


4. Let 
Iilf)= f eR EM+B2T Wo AEEVL™TN(E)dE. (20) 
0 


In order to evaluate this integral we consider a function U defined by the 
following identity: 

i ~ Tlf) 
UsUds,«)= 2) —— 
n=l+1 (n+1)! 
It turns out that we can evaluate this function by using the generating 
function for the associated Laguerre polynomials (Eq. (6)), and thus 
obtain J,,(¢) as coefficients of the expansion of U;({, u) as a power series in u. 

° = Dati (é) 

u={ eF/2EI+8/27 1 o(2 CE) PB 

0 on n=l+1 (n+l)! 

(—H2l+1¢-fu/ (1—u) 


-{ eW BEI 3/2 J 14 1/2958) dé, by 6, 
0 


(1—)2!+2 


"ai (21) 





u"—'—ldt, by 20, 





=(1 = w-2 f eFC +u)/2C—w) Jo SEEDEM SAE, (22) 
0 


Now the last integral is a special case of a more general integral which 
has been evaluated by Hankel’ and Gegenbauer,"' who obtained the result 




















p (z/2a)’T'(u+v) (“= utv+1 2? 
—at], w—lgt = F >— sy+1 ;—— }. 23 
[vse ae ot =). (23) 
Putting z=3{, v=/+3, w=/4+5/2, and a=(1+u)/2(1—x), this gives 
4¢'+1/2(2]74-2)! (1— 3 3 *(1—u)? 
a . P(1+S 0142 ak 5 ee ). 
T(l+3/2)  (1-+u)2!+8 2 2 (1+n)? 
The hypergeometric series F is a degenerate one, equal to 
{14 
(1+)? ? 
so that U can be put in the form ' 
1-4? 
=A , (24) 
(1—2xu-+u?)'*? 
in which 
4( 214-2) ¢e+1/2 r2—1 
A= ) ¢=——- 
T(/+3/2)(§?+1)'? +1 


10H, Hankel, Math. Ann. 8, 467 (1875). 
1 L, Gegenbauer, Wiener Sitzungsber. 72, 343 (1876); see also Watson, “Theory of Bessel 
Functions,” p. 384. 
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5. We now return to Eq. (12). Operating on both sides with 
u~*t1(9/du)u’ we obtain 
v(1—u?) ~ 


= v te ‘. 
aera Pai +k)C%(i)u (25) 





Putting y=/+1 and =x, we may rewrite Eq. (24) as 





A 2 A ~ 
U=— Dol+ kt 10x) ut =— Sonne a(x)ur1, (26) 
l 1 k=0 I+ n=l+1 
Comparing Eqs. (26) and (21), we see that 
An(n-+l)! 141 (E= *) 
Taf) =—————_C,,-- ' 27 
(f) 41 -1 41 (27) 


6. Thus the momentum eigenfunctions are found to be given by the 
expression 


1 ; (21+1)(l—m) !\!2_ 
Tain(P 0,8) = | e8 oh t( rer ) P(cos0)} 


{ ee (ey ¢! ttl = ) ia 
7 (yA)*/? (n+l)! (e241)42 0" ce) ’ ) 


in which [=22¢P/yh=nP/Zp,=P/pn. po, which is equal to 2mye/h, is the 
momentum of the electron in a circular Bohr orbit with n=1 and Z=1, 
corresponding to a hydrogen atom in the normal state, and p,=Zp,/n is 
the momentum of the electron in a circular Bohr orbit characterized by , 
the total quantum number m and the nuclear charge Ze. The factor —(—z)! 
in T may be omitted, since its absolute value is unity. 

Some of the Gegenbauer C functions which enter in this expression 
are given below. Others can be obtained from these by the application of 
the recursion formula 














v+1 v+1 


» 2v 
C,( x) — xC,_;(x) —C,_2(x) } . 





1=0 I=1 I=2 l=3 l=4 
n=1 Co'(x) =1 
n=2 Ci\(x) =2x Coi(x)=1 
m=3 | Col(x) = 427-1 Ci?(x) =4x C(x) =1 
n=4 C3(x) = 8x3 —4x Co?(x) = 122? —2 C)3(x) =6x Cots) =1 
n=5 Ca(x) =16x4—1222 +1 |C32(x) = 3229-122 C3(x) = 2422-3 Ci4(x) =8x Cof(z) = 1 
m=6 | Cpl(x) = 3225-3229 +62 |CP(x) =80x*—482°+3 | C33(x) = 8029 —24x C(x) = 402? —4 C5(x) = 10x 


Gegenbauer” has shown that his C’(x) functions with a given upper 
index when multiplied by the factor (1—x?)’/?-'/4 form an orthogonal set, 
for they satisfy the equations 

f- 22-11 (r + 2p) |= 1/2) 


(1— 2?) '2C"(x)Cy(x)dx= (Gi TG+1) (2) 


12 L. Gegenbauer, Wiener Sitzungsber. 70, 6 (1874), Eq. (16). 





Tix. a 
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The functions of P which occur in the momentum eigenfunctions with 
a given value of / also form an orthogonal set; but they are not the Gegen- 
bauer orthogonal functions. Since the volume element involves P?dP, the 
orthogonal functions are in this case 


2 32244]! /n(n—I—1)!\"2—¢! wi (f?—-1 
A (yh)? \ (m+)! 7 (62-41) e+ 


in which C=KP/npo is different for different functions of the set, since it 
involves the quantum number nm. That these functions are normalized can 
be shown with the aid of Gegenbauer’s integral (29). The normalization 
integral 


221+4] | —j—1 ! 1/252 oo l i 1 2 
aren) 1S, eG) Je 
(yh)2\ (+0)! 0 LOH) PHI 


becomes on substituting x for ({?—1)/(¢?+1), and omitting the factor before 
the integral sign, 








f " (1—x)(1—22)412(C0")_1(x) }de= “a—xystaict (2) Jade 


=] —1 


‘ 


+1 
f x(1— x2) 41210, 7 7 (x) ]2dx. 


1 


On substituting for x . (x) its value given by the recursion formula 





x C(x) = [(r+1)Cr41(x) + (r+2—1)Cr-a(z) ] 


2(r+yv) 
the second integral is converted into two, each of which vanishes by Eq. 
(29). The value of the first integral as given by Eq. (29) is just that required 
to make (30) equal to unity. 

7. The probability that the electron have a momentum lying in the 
range between P and P+dP can be written as Z,;(P)dP, in which Z,,(P), the 
momentum distribution function, is given by 


r 2r 
Eni(P)= f f | Trm(P,Q, ®) | 2P? sin@dOd®. (31) 
0 0 


On carrying out the integration this is found to become 


v ao 24!+62(1!)2(n—1—1)! cite 41 2-1 2 
E4(P) == [on.(55)]. 
Zh (n+l)! (g*4- 1)" s°+ 3 
8. It is of interest to evaluate the diagonal elements of the P? matrix, 
which are equal to the average values of the square of the momentum in 
the various quantum states: 








(32) 





P,2= f P*z,.(P)dP. (33) 
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On substituting for P? its value p,2(1+x)/(1—<x), it is found that this inte- 
gral, aside from the constant factor p,”, differs from the normalization 
integral only in having the factor (1+) in place of (1—x); and since the 
integral involving x vanishes, and the normalization integral is equal to 
unity, we obtain 





QmuerZ\? 
= : (34) 


Pimp? = 
P ( nh 


Now ?”, is just the average value of the square of the momentum of the 
electron in a Bohr orbit with total quantum number 1; so that the root mean 
square momentum for a hydrogen-like atom is the same in the quantum 
mechanics as in the old quantum theory, in each case depending only on 
the principal quantum number 2. 
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MAXIMUM EXCURSION OF THE PHOTOELECTRIC 
LONG WAVE LIMIT OF THE ALKALI METALS 


By HERBERT E. IvEs AND A. R. OLPIN 
Bell Telephone Laboratories, New York 


(Received March 28, 1929) 


ABSTRACT 


Earlier experiments have shown that the long wave limit of photoelectric action 
in the case of thin films of the alkali metals varies with the thickness of the film. A 
maximum value is attained greater than that for the metal in bulk, which for the 
majority of the alkali metals lies in the infra-red. The wave-length of the maximum 
excursion of the long wave limit was first studied for Na, K, Rb and Cs. In each case 
it was found to coincide with the first line of the principal series, i.e. the resonance 
potential. If this relation holds for lithium, its maximum long wave limit should be 
greater than that of sodium. This was tested and confirmed by experiments in which 
red-sensitive lithium films were prepared, sensitive to 0.67084. It is suggested that 
photoelectric emission is caused when sufficient energy is given to the atom, to pro- 
duce its first stage of excitation. The identity of photoelectric and thermionic work 
functions suggests that atomic excitation is the initial process in thermionic emission 
as well. 


N A previous publication,! the behavior of alkali metal films deposited 

slowly in high vacua has been described. The characteristic feature of 
such a film, as for instance one of sodium on platinum, is that as it accumu- 
lates, the photoelectric long wave limit moves from the blue end of the 
spectrum toward the red, reaches an extreme position and then recedes 
again to the final position characteristic of a thick layer. The curve showing 
the final relationship between photoelectric current and wave-length rises 
much more rapidly toward the short wave-lengths than does the curve 
with the same long wave limit during the building-up process. 

The experimental procedure for studying these films as described in the 
earlier paper consisted first, of cleaning off a platinum plate in the photo- 
electric cell bulb by electronic bombardment and collecting the alkali metal . 
on the cold walls of the cell; secondly, in allowing the alkali metal to slowly 
re-deposit on the platinum plate. In the case of sodium, the process of 
redeposition occurs quite slowly and the photoelectric behavior of the 
deposit may be studied over a period of many hours. With the metals 
potassium, rubidium and caesium, it is necessary to immerse the photo- 
electric cell in liquid air in order to hold the metal evaporated from the 
platinum plate on the walls long enough for the properties of the partially 
covered plate to be studied. The various thicknesses of film may be studied 
either while they increase in thickness as the bulb is allowed to warm or as 
they are decreased in thickness by successive warmings of the plate. 

Another method of producing thin film cells is to allow the alkali metal 
to diffuse into the bulb through a side tube of small diameter. We have in 

1 Ives, Astrophys. J. 60, 4 (1924). “- 
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this way prepared caesium cells with the caesium deposited on platinum, 
silver, magnesium, and other metals. The procedure is to allow the alkali 
metal to diffuse in while the cell is illuminated and connected with the 
galvanometer. When the maximum sensitiveness is reached, the side tube 
is sealed off. After sealing off, the sensitiveness is apt to continue to change 
somewhat but may be held more constant by admitting an inert gas such as 
argon. By properly choosing the time of sealing off the side tube, cells may 
be produced in which the long wave limit has made good approximation 
to its maximum position. 

It has been a matter of interest to us to know how far the long wave 
limit travels in this excursion out to a maximum and then back. In the case 
of sodium, as is shown by Fig. 1, which is reproduced from the earlier paper, 


1 | |. I || 


| 


35 























\ . SODIUM ON PLATINUM 





1 \c a-ELECTRIC VECTOR 1 AT 1.7 HRS. 
% b " " L1«28 # 
2 \ c ”“ " Lu«95 «8 
d " " i "75.0 * 
5 \ \ a " " ue .5 8 
y 8 " " ue 3.0 « 
a 0 \, c " " uo“w4 a 
3 aVaN \ jo « « ft 075.0 # 





15 \ \ 
\ 
\ 


} \ \. 








SH 





























et AN VY 
SS SS \ 
SSN 

e 040 044 048 0.52 0.56 0.60 4 


WAVE~LENGTH 
Fig. 1. Progress of photoelectric emission as Na film builds up on Pt plate; exciting light 
polarized; equal energy spectrum. 





this maximum excursion is to a point still in the visible spectrum, some- 
where between 0.57u and 0.60u. In the case of the other three metals which 
were studied, however, this maximum wave-length is in the infra-red, beyond 
the range of the spectrometer which was used in the earlier study. The 
determination of this maximum therefore awaited opportunity for securing 
a monochromatic illuminator suitable for near infra-red work. 


APPARATUS 


As a monochromatic illuminator for working in the near infra-red, we 
have taken a Hilger spectrometer of the constant deviation type, and have 
extended its calibration beyond 1p. This calibration was effected by the use 
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of a pair of partially silvered glass plates sealed together with a slight separa- 
tion so as to produce interference bands in the spectrometer which were 
measured as to position in the visible spectrum, and followed out into the 
infra-red by means of a sensitive thalofide cell. Using the constant deter- 
mined from the visual measurements the scale was extended and marked 
on an addition to the usual wave-length drum of the instrument. 

As a light source we have used a coiled tungsten filament. The photo- 
electric currents were measured with an electrometer by the steady de- 
flection method as described in earlier papers. For the present investigation, 
it has not been necessary in all cases to reduce the observations to equal 
energy values. 

An adjunct which is absolutely essential to a study of this sort is a series 
of light filters, each of successively longer wave-length cut-off, to filter out 
the short wave end of the spectrum. The necessity for these filters arises 
from the fact that the long wave limit is approached very gradually, in 
fact, almost asymptotically, and that in all cases the amount of photo- 
electric action is so much greater from the short wave energy that an ex- 
ceedingly small amount of scattered light will result in deflections beyond 
the true long wave limit. It is therefore necessary for the cut-off of the 
filters used to trail pretty closely behind the long wave limit as it moves 
out. To meet these requirements we have used a rather complete set of 
Wratten filters, which give progressively longer wave-length cut-offs from 
the blue end of the spectrum, well out into the infra-red. These have been 
employed both as adjuncts to the monochromatic illuminator, and also 
at times alone, directly in an unresolved beam of light, the wave-lengths 
transmitted being determined from the transmission data furnished by the 
makers of the filters. 

The cells studied were mostly of the central cathode type. A polarizing 
voltage of 22.5 was used in all cases, as this produces practically complete 
saturation, and no shift of the threshold wave-length was found to occur 
with increased voltage. 


RESULTs ON SODIUM 


In Fig. 2 are shown a series of curves for a thin film of sodium on platinum 
as it increases in thickness. Attention is called to the apparent extension of 
the long wave limit when no filter is used, and its recession toward the blue 
when such a filter is used that only the tail of the excitation region is exposed. 

With the use of a filter, the long wave limit for sodium on platinum 
comes, at its maximum excursion, very nearly to 0.59u. We have obtained 
exactly similar results with a sodium film on clean, thoroughly outgassed, 
tungsten. 

The results with spectrally resolved light shown in the figure have been 
further confirmed by taking a sodium film on platinum through its com- 
plete life history while illuminated by the focussed image of a carbon arc 
crater, the light from which was passed through a series of Wratten yellow 
and orange-red filters. For this set of experiments a d’Arsonval galvan- 
ometer with a sensitivity of 10-'° amperes per mm deflection was used to 
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detect the current 
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Ss. 


At the maximum excursion, a detectable current was 
found with the No. 26 filter (transmission 3.17 percent at 0.594) and no 
current with filter No. 29 (transmission O at 0.594), showing that the long 
wave limit at 0.59y is a real limit to photoelectric response. 
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RESULTS ON POTASSIUM, RUBIDIUM AND CAESIUM 


Fig. 2. Photoelectric current vs. wave-length of exciting light, showing excursion of long 
wave limit for Na film on Pt; critical maximum obtained accurately after eliminating light 
of short wave-lengths with suitable filters. Values not reduced to equal energy spectrum. 


Of these three metals, the maximum excursion has been determined for 
films on platinum, and, in the case of caesium, also on silver, as described 
more in detail below. The results may be summarized as follows: For potas- 
sium on platinum, with a Wratten No. 23 filter to cut out stray light, the 
extreme long wave limit found was 0.774. For rubidium, the extreme long 
wave limit found was 0.795u. The complete series of curves for this metal] 
For caesium, with an extra dark, visually opaque 
Wratten filter (No. 87) for stray light elimination, the extreme long wave 
limit found was 0.895u. Fig. 3 very conclusively illustrates the fact that 
the change in threshold value produced by varying the thickness of film was 
an actual shift in wave-length and could not possibly be explained as a 
general increase in sensitiveness resulting in a rotation of the spectral dis- 
tribution curve about the maximum threshold as a pivot. 

We have, in addition to the caesium-on-platinum, made measurements 
on two caesium-on-silver cells in which the caesium was deposited up to a 
maximum sensitiveness and the deposition then stopped somewhat in the 
manner described in the first part of this paper. 
extreme long wave limit of 0.86u and the other 0.8954. In view of the un- 
certainty of stopping the deposition process at exactly the right point, we 
believe that these cells confirm the value found in the controlled cells, the 
significance of which will now be discussed. 


Of these, one gave an 
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DISCUSSION OF RESULTs ON SopIuM, POTASSIUM, 
RUBIDIUM AND CAESIUM 


Examination of the long wave limits for these four metals at their maxi- 
mum value reveals at once, to the student of spectroscopy, a striking agree- 
ment with the wave-lengths of the first line of the principal series of each 
element, or the chief resonance line. The values of these are, in the several 
cases?;—sodium 0.5896u, potassium 0.7899u, rubidium 0.79474 and caesium 
0.8943u. The agreement, considering the difficulties of the experimental 
procedure, and the order of accuracy of the wave-length calibration, is so 
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Fig. 3. Photoelectric current vs. wave-length of exciting light, showing excursion of long 
wave limit for Rb film on Pt; maximum value obtained after filtering our light of short wave- 
lengths. Values not reduced to equal energy Spectrum. 


close as to-leave in our minds little doubt that this coincidence is actually 
exact. We shall leave until a later section the discussion of the significance 
of this agreement and confine ourselves for the moment to a discussion of 
further experiments which are suggested. 

The most significant experiment in our opinion is a search for the same 
phenomenon with lithium, for although lithium is higher in the periodic 
table than sodium, the principal resonance line at 0.6708u is considerably 
greater in wave-length than the corresponding sodium line. Another experi- 
ment or rather series of experiments would be a study of the same phenomena 
with the alkaline earth metals, of which magnesium, calcium, strontium and 
barium all have their first resonance lines in the spectroscopic region which 
is accessible to our apparatus. 


2 See “Critical Potentials,” Bull. Nat. Res. Council 48, 1924. 
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EXPERIMENTS ON LITHIUM 


In view of the crucial test which lithium affords of the relationship 
found with the other alkali metals we have delayed publication of our find- 
ings with these until, by the development of a method of handling lithium 
its behavior could be satisfactorily studied. The technique of handling 
lithium has taken considerable time and effort to master, as it is in a different 
class, with respect to experimental difficulties, from the other alkali metals. 
It has considerably higher melting and boiling points, and is commonly 
believed to attack glass and platinum. The most serious obstacle to its 
manipulation is presented by the extreme toughness and hardness of the 
shell of oxide which forms on it in air, coupled with the extreme lightness 
of the metal. Attempts to melt and distill it in glass from the lump form in 
which it is obtained commercially have been quite unsuccessful, as the 
glass blackens and cracks before any lithium metal breaks through its oxide 
shell. There is reason to believe that the oxide sublimes at a temperature 
as low or lower® than the boiling point of the metal, and the common pres- 
ence of carbide as an impurity offers a further obstacle to the melting and 
distilling processes. 

The procedure which we have found successful for producing pure lithium 
metal is best described by reference to a figure showing the photoelectric 
cell design finally used. This (Fig. 4) consists of two Pyrex glass bulbs 
A and B, with a connecting tube C. Bulb A is provided with a central nickel 
cup, which stands directly below a long glass tube 7, through which the 
lithium is to be introduced. The method of introducing the lithium is as 
follows: The bottom end of a thin-walled steel tube is turned down to a 
sharp edge. This tube is then driven down through a piece of lithium metal, 
[Kahlbaum], so that on withdrawing, the tube contains a cylindrical slug 
whose sides are protected from the air by the tube walls, and the only oxide 
present is on the comparatively small areas at top and bottom. The steel 
tube with its slug of lithium is placed in the glass tube 7, which is so con- 
structed as to hold the steel tube several centimeters above the nickel cup. 
Then a long steel rod, loosely fitting in the steel tube, is inserted, resting 
on top of the lithium, and the end of the glass tube is sealed off. The cell 
is then exhausted, all the metal parts in the bulb B are well baked out, 
and the cup in A is brought toa red heat by a high frequency field. 

The next step consists in heating the steel tube, by a high frequency in- 
duction furnace, until the lithium melts. When it melts the weight of the 
steel rod suffices to break the oxide crust, and a globule of clean lithium 
metal appears at the end of the steel tube, where it may hang, or it may 
drop into the nickel cup. This globule is then held molten by the induction 
furnace and gives off metallic lithium which collects on the walls of the bulb 
A. By means of a bunsen flame this metal film is periodically redistilled 
off the walls and through the connecting tube into the bulb B. This bulb, 
the photoelectric cell proper, has as cathode, a metal plate (e.g. tungsten), 
behind which is a tungsten filament, to be used for heating the plate by 
electronic bombardment; and as anode, a nickel cylindrical can, open at 


3 Lebeau, Compte Rendus 136, 1256 (1903). 
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the end toward A. As the distillation proceeds the metal parts of B become 
coated with lithium, which in appearance and behavior under the flame is 
very similar to the other alkali metals. The cathode plate is cleaned off by 
heating to a white heat several times, and allowed to re-coat. Meanwhile 
the bulb A becomes blackened by what appears to be at first partly carbon 
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Fig. 4. Type of tube used in preparing pure Li films. Practically oxide-free Li metal 
dropped from tube T to cup of bulb A, then distilled into bulb B for measurement. (See 
text.) 


from the carbide present in the original lithium and, later by a reaction 
between the lithium and the glass. When a good supply of lithium is ob- 
tained in B, the tube is pumped until a high vacuum is obtained, which is 
assisted by the charcoal tube, later to be placed in liquid air, and the whole 
cell is sealed off from the pump. 
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The cell thus prepared exhibits, as the tungsten plate is cleaned off, and 
then recoated, by gentle warming of the metal on the glass in B, all the 
characteristic phenomena shown by the other alkali metals. The cathode first 
became sensitive to blue light, then as the film increases in thickness, to 
green, yellow and red; on still further increasing its thickness the red and 
yellow sensitiveness disappear, and the final thick layer is sensitive only 
to blue light. We believe this is the first time that red-sensitive lithium has 
been observed. 

Measurements through the spectrum of the lithium film on tungsten 
for all the characteristic stages are shown in Fig. 5. The value of the photo- 


CELL #217-Li ON W 


NUMBERS INDICATE ORDER OF 
CURVES AS FILM BUILT UP 


P E. CURRENT 


SCALE FOR CURVE 
WITH FILTER 





A. be . 
Fig. 5. Photoelectric current vs. wave-length of exciting light, showing maximum ex- 
cursion to long wave-lengths for a Li film on W. Values not reduced to equal energy spectrum. 


electric long wave limit for the thick film condition is shown to approach 
that given by Millikan‘ [0.5264] and by Pohl and Pringsheim® [0.520y] 
for lithium metal. In the figure the maximum excursion is shown to a 
separate scale, as measured through a red filter to block out stray short- 
wave energy. Ji is seen that the wave-length of maximum excursion is again 
that of the first line of the principal series (0.6708u) thus verifying the relation- 
ship found with the other alkali metals. 

We have, by following substantially the procedure above outlined, 
made several lithium thin-film cells, sensitive to red light. These cells 
exhibit the characteristic phenomena only for a short time and the con- 
ditions for securing red sensitiveness have proved so critical that it is believed 
worth while to describe some of our experiments in detail. We have made 
_ successfully two cells with tungsten plates as the base for the thin films. 


* Millikan, Phys. Rev. 7, 355 (1916). 

5 Pohl and Pringsheim, Verb. D. Phys. Ges. 14, 46 (1912). 

6 In our earlier attempts to prepare thin films of Li, contamination by the oxide and car- 
bide was visibly evident. In that condition a constant value for \, for all thicknesses of film 
was found. This agreed closely with the long wave limits published by Pohl and Pringsheim and 
later by Millikan [0.520u —0.526,]. 
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An exactly similar platinum-plate cell failed to exhibit the characteristic 
thin-film life history, and red sensitiveness, although a section of platinum 
wire in a cell used in developing the technique of handling the lithium gave 
the typical long wave limit very definitely at its most sensitive part. In 
order to trace this discrepancy a cell was made containing two plates, one 
of tungsten and one of platinum, capable of illumination separately. This 
cell was studied on the pump, with color filters interposed before the light, 
with very interesting results. The first deposit of lithium made both plates 
sensitive to red light; the platinum plate being approximately three times 
as sensitive as the tungsten. Both plates were coated until the maximum 
was passed, and then bombarded until insensitive. On successive re-coatings 
with lithium the platinum plate became less and less sensitive and soon 
failed to go through the characteristic thin-film life history at all. The 
tungsten plate under the same treatment was many times more sensitive, 
but after several reheatings also failed to become red-sensitive. 

Our observations suggest to us that the early failure of platinum as a 
base is to be ascribed to the alloying of the lithium with the platinum, 
after the first coating. Similarly the failure of tungsten after a few heatings 
suggests that it, in time, although more resistant, also takes up lithium 
to form an alloy, similar perhaps to the alloys of gold with the other alkali 
metals, which we have previously noted as forming an exception to the 
usual film-forming behavior. It is possible also that the lithium after having 
been in contact with the glass of the bulb and having been flamed about 
the cell is no longer pure enough to form true metallic films. The different 
behavior of tungsten and platinum plates in the same cell however points 
rather definitely to a reaction between the lithium and the metal of the 
plate as playing a predominant role in the character of the lithium film. 

Much additional work will be necessary, with various metals as sup- 
ports for the lithium, to establish the conditions necessary to produce the 
red-sensitive thin films easily and with assurance of success. For the pur- 
poses of the present paper however it is sufficient to have established that 
ithium films can be made, sensitive up to wave-length 0.6708u. 


EXPERIMENTS ON BARIUM 


We have not as yet made any systematic experiments on the alkaline 
earth metals. We have, however, had available two Case barium cells’ 
on which we have made measurements. In these cells, the barium is evapo- 
rated from a filament onto the silvered walls of the cell. Although this process 
is performed in a manner not known to us in detail, we understand that 
evaporation is continued until a maximum of sensitiveness is attained. 
The likelihood that these cells at least approximate to the characteristicl 
maximum long wave limit is reasonably high. 

Measurements which we have made with diffused light on these cells 
so that their most sensitive spots wherever occurring would be operative 
gave for one of the cells a long wave limit of approximately 0.70u and ior 
the other, with a No. 88 Wratten filter, 0.79u. The long wave limit of the 


7 Case, Phys. Rev. 17, 398 (1921). 
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former lies farther toward the blue than the resonance line of barium (0.7911) 
while that for the latter agrees very closely with this wave-length. These 
measurements are, of course, not conclusive as we have no guarantee that 
if the deposition process were followed closely the significant wave-length 
might not be passed but we believe this to be a strong indication that the 
resonance frequency plays the same role here. 


THE ILLUMINATION CURRENT RELATIONSHIP 


The idea that the long wave limit should correspond to the resonance 
frequency has been suggested before, in particular by Kirchner,* who in 
addition has tried to associate the “selective” maximum with the difference 
between the resonance and ionization potentials. Kirchner points out that 
if the incident light is responsible for the complete emission of the photo- 
electrons the process must be in two stages, and as a consequence the photo- 
electric current should be proportional to the square of the illumination. 
It is thus important to determine accurately the illumination current relation 
for the thin films of alkali metal, particularly as close to the long wave 
limit as possible. 

We have made illumination current measurements with an electrometer 
for the current measuring instrument and with an inverse square law ap- 
paratus to vary the light. Illuminating the cells through color filters and 
taking a number of points we have obtained a close approximation to a 
rectilinear relation, with no indication of the second power law suggested 
by Kirchner. These measurements were, however, not entirely satisfactory 
because they consumed considerable time, in which the cell might change 
its sensitiveness. Especially does the sensitivity of the cell change when 
the illuminating source is the crater of an arc. Experiments show that an 
arc light focussed on a thick potassium film can change the galvanometer 
deflections for red light fifty-fold in less than ten minutes. We have therefore 
resorted to a simpler procedure, as follows: 

The cells were illuminated by a tungsten lamp, the filament being focussed 
through a color filter on the cathode of the cell. To vary the illumination 
a metal plate perforated with many small holes was placed over the image- 
forming lens. The transmission of the plate was carefully measured in 
position by means of a potassium hydride cell which had previously been 
found to have an accurately linear response to illumination. The transmis- 
sion found (0.38) is independent of the color of the light, as the holes in the 
plate (1 mm diameter) are too large to introduce any diffraction effects 
over the wave-length range in question. With this arrangement of apparatus 
the response of the extreme long wave region of sensitiveness was tested 
first of all with a sodium-on-platinum cell throughout its whole life history. 
At each stage such a color filter was selected that the galvanometer deflection 
was only four or five millimeters, which at the condition of maximum sen- 
sitiveness amounted to 1/1000 or less of the deflection with unfiltered light. 
The currents were then measured with and without the perforated plate. 
These measurements with the tungsten lamp were supplemented at the 


8 Kirchner, Phys. Zeits. 25, 303 (1924). 
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extreme excursion of the long wave limit by measurements with the crater 
of a carbon arc, which because of its inferior steadiness and the danger of 
its heat quickly altering the emission would not alone have been wholly 
satisfactory. 

For all positions. of the long wave limit the illumination current relationship 
was found to be accurately rectilinear. The measurements of the transmission 
of the perforated plate all lie between 0.36 and 0.45, where the second power 
law would call for a value of 0.145. 

Similar although less extensive measurements were made with a potas- 
sium cell immersed in liquid air, and on a caesium-on-silver cell of the per- 
manent type. The measurements as a group constitute a most perfect con- 
Sirmation of the generality of the rectilinear illumination current relationship 
in the thin film cells of all types in all states of film thickness. 


FINAL DISCUSSION 


The coincidence of these wave-lengths of maximum excursion of the 
photoelectric long wave limit with the first line of the principal series, or 
with the resonance potential, of the various materials investigated points 
strikingly to the conclusion that when the film is in its most red-sensitive 
condition, the process of photoelectric emission occurs when sufficient energy is 
given to the atom to produce its first stage of excitation. In the Einstein equation 
(1/2) mv? =hv— >, as is well known, the term p is to be considered as con- 
sisting of two parts, hy, the energy necessary to release the electron from the 
atom and p’, the energy necessary to carry the electron out through the 
surface of the metal. In the case of the thin films in their condition of maxi- 
mum sensitiveness, the conclusion above-drawn implies that the photo- 
electron comes from the atom of alkali metal, that the energy necessary to 
bring the atom into resonance is sufficient to release the photoelectron, and 
finally that the term p’ is zero. 

If we assume that in all cases the photoelectron comes from the alkali 
metal atom, we may imagine the process of film deposition in general to 
be one in which up to the condition of maximum sensitiveness the alkali 
metal only partially covers the surface and the attractive force due to the 
supporting metal causes the return of the electrons of small energy into the 
surface. At the condition of maximum emission, the alkali metal is present 
as individual atoms sufficiently closely spaced so that the attractive action 
of the underlying metal is inhibited. As the film continues to thicken after 
the maximum excursion is reached, an alkali metal lattice is built up for 
which again the retarding forces are greater than for the individual atoms. 

This picture of the process of deposition receives support from the 
differences in the photoelectric emission before and after the maximum is 
reached. The general slope of the current vs. wave-length curve is com- 
paratively flat before the condition of maximum emission is reached, and 
steep afterward, indicating a different form of surface force. 

Another significant observation is that, with a plane supporting surface, 
such as a polished platinum plate, the ratios of emissions for obliquely 
incident light polarized parallel to and perpendicular to the plane of inci- 
dence are quite different before and after the condition of maximum emis- 
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sion. In fact, in the earlier stages of film deposition this ratio, which finally 
may be as high as 20 or 30 to 1, is unity, indicating the absence of any regular 
orientation of the alkali metal atoms. Furthermore, we believe this means 
that the photoelectric emission must be entirely from the alkali metal 
atoms, since if the absorptive properties of the platinum entered in, this 
ratio would be considerably greater than unity. Another reason for believing 
that the photoelectrons come from the alkali metal atoms is the observation 
that the maximum long wave limit is the same with different supporting 
metals. 

As already noted the idea that the long wave limit should correspond 
to the resonance frequency has been previously proposed by others, whose 
speculations have indicated that the process should consist of two stages, 
and that the photoelectric current should vary as the square of the illumi- 
nation. The results of our study of the illumination current relation show 
this latter conclusion to be contrary to fact. We are therefore of the opinion 
that while the initial step toward release of the electron is the excitation of 
the atom by light, its further progress toward emission must be due to other 
processes, such as collisions. These processes must furthermore be peculiar 
to the solid, or at least to the thin film condition, as otherwise we would 
expect photoelectric emission at the resonance frequency from alkali metal 
vapors. 

A matter of considerable interest in this connection is the bearing of 
this work on thermionic emission. It is very generally held and experi- 
mentally®:!° well established that the photoelectric long wave limit coincides 
(when expressed in volts) with the thermionic work function. If then the 
photoelectric threshold is determined by the resonance potential of the 
atoms, it would appear to follow that thermionic emission is also dependent 
on the initiation of resonance in the atoms and the phenomenon of thermionic 
emission is to be associated with electrons belonging to the atoms and not 
with free electrons, as has been commonly held. As has been shown by 
Becker," the thermionic work function for thin films of caesium on tungsten 
makes an excursion toward a low value and back, similar to that made by 
the photoelectric minimum frequency. It is of considerable significance in 
this connection that the value Becker finds, from Langmuir’s data, for the 
minimum work function of caesium, is 1.36 volts, where the value from the 
resonance wave-length is 1.38 volts. The excursion of the work function 
in the case of barium in a thin film has been studied by Eglin,” who gives 
a minimum value of 1.66 volts, which is to be compared to the resonance 
potential value of 1.56 volts. It will be profitable to study the minimum 
thermionic work functions and maximum photoelectric long wave limits to- 
gether, in the light of the relationship to spectroscopic data here indicated. 

We wish to acknowledge our indebtedness to Mr. G. R. Stillwell for 
assistance in this work, particularly in connection with the method of 
handling lithium. 


® Du Bridge, Phys. Rev. 31, 236 (1928). 
” Bridgman, Phys. Rev. 31, 862 (1928). 

1 Becker, Phys. Rev. 28, 341 (1926). 

12 Eglin, Phys. Rev. 31, (1927) (Abstract). 
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ABSTRACT 


Cs-O-W—W 3.1 volts 
Cs-W—W 2.8 
Th-W—W 1.46 
W—OW 0.8 


caesium. 


potential measurements, this difficulty is enhanced. 
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CONTACT POTENTIAL MEASUREMENTS 


Measurements have been made of the contact potential differences between a 
clean unheated tungsten filament, and the same filament coated with an adsorbed 
film of thorium, caesium, oxygen, or a mixture of caesium and oxygen. The method 
used is well adapted to prevent accidental contamination of the filament surfaces. 
The values found for the contact potentials between cold surfaces are 


The surface on the left is positive to that on the right. These values of contact po- 
tential do not agree with those calculated from the thermionic emission constants. 
An example is given of the application of the method to the measurement of the 
changes in work function produced by heating a tungsten filament to various tem- 
peratures in presence of caesium vapor, thus changing the amount of adsorbed 


HE measurement of the contact potential difference between two metallic 

surfaces has been a subject which has attracted the attention of experi- 
menters for many years. Unfortunately the values obtained have been 
most inconsistent, chiefly on account of the great difficulty of keeping 
metal surfaces free from contaminating films. The great amount of experi- 
mental work with thermionic tubes during the last fifteen years has em- 
phasized the difficulty of keeping hot filaments free from surface contamina- 
tion. When the surfaces used are cold, as is usually the case in contact 


With this in mind we have made our contact potential measurements 
between filamentary electrodes, which can be easily cleaned by heating. 
Moreover, by working with adsorbed films, the surface of a single filament 
can be brought into different states, and the contact potential differences 
between these states determined. This makes the experimental tube very 
simple, so that good vacuum conditions are easily maintained. 

The experimental method is illustrated in Fig. 1. The tube contains 
two cylinders c, g, and two loop filaments a, b. One of these filaments 3, 
usually of thoriated tungsten, is maintained at a definite temperature and 
state of activation, and serves as a standard source of electrons. Cylinder 
g is fixed at a suitable negative potential with respect to }, so that no electrons 
can leave the part of b which is inside g. This serves to eliminate all effects 
occurring at the ends of the filaments, where conditions are not definite. 
Cylinder c, is fixed at about the same potential as the part of 6 which is 
inside c. Electrons can flow therefore from } to c or a. The surface of fila- 
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ment a is then put in some definite condition (for example, a complete film 
of thorium is formed on it'), and a characteristic is taken of the electron 
flow from } to a (i) as a function of the potential of a with respect to b 
(Va). The surface of a is then changed (for example, by heating to a high 
enough temperature to drive the thorium completely off) and another 
characteristic taken of % as a function of Vs». The voltage displacement 
of these two characteristics from one another then measures the contact 
potential difference between the two states of the surface of a. 

An alternative procedure is to find the values of Vs for the two states 
of a, which are required to give the same value of ij, (say 10-* amp.) The 
difference between these two values of Vw gives the contact potential. 
































- _ 








Fig. 1. Arrangement of filaments and cylinders. 


It is advisable, however, to take the complete characteristics at first over a 
considerable voltage range, as lack of parallelism of the two characteristics 
is an indication of some wrong experimental condition. 

Some necessary points in the experimental technique are as follows:— 

(1) The vacuum must be good. The tube was immersed in liquid air 
during the measurements. 

(2) Ifan alkali metal is present in the tube care must be taken to distill 
the metal from the surfaces of g and c, so that photoelectric currents caused 
by the light from the filaments will not vitiate the results. This distillation 
is conveniently done by warming the cylinders by radiation from one of 
the filaments after immersing the tube in liquid air. 

(3) It is important to remove all easily volatile impurities from c and 
g even though the radiation from b does not cause appreciable photo-emission. 
If this has not been done, then when a is heated to change its surface con- 
dition, c is also heated enough to change its surface condition and a change 
in the electric field due to c ensues. 

(4) Cylinder c must be negative to a so that secondary emission from 
a toc cannot occur. 

(5) If very fine filaments (0.0025 cm diameter) are used the positions of 
the ends of the loops may change in an erratic manner when the filaments 
are heated to a high temperature. This change, of course, spoils the measure- 
ments. 


1 Langmuir, Phys. Rev. 22, 357 (1923). 
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The measurements to be described? were made with two tubes—numbers 
156 and 502. 

In tube 156 cylinders c and g (Fig. 1) were of tungsten wire spirals, 
the idea being to insure that the caesium vapor pressure (for other experi- 
ments) inside the cylinders should be the same as that determined by the 
temperature of the bulb wall. Filaments a and 6 were of thoriated tungsten 
wire 0.0102 cm diameter, each containing 12.7 cm of wire. The area of the 
part of each filament inside c was 0.11 cm?. The tube contained caesium. 
It was used on the pump and was immersed in liquid air during the measure- 
ments. 

Tube 502 contained three filament loops—a and d were of thoriated 
tungsten wire (0.0102 cm diameter), and } was of pure tungsten (0.0051 cm 
diameter). The cylinders c and g were made of nickel sheet. This tube was 
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used on the pump, so that oxygen could be admitted. It was immersed in 
liquid air during measurements. 

Measurements of the contact potential between tungsten and thoriated 
tungsten were made with tube 156. Filament } was thoriated and run at 
1730°K as the standard source of electrons. The total potential drop over 
b was 5.5 volts, and that over the part of } inside c was 1,5 volts. The poten- 
tial of the part of } inside c therefore ranged from +2.0 to 3.5 volts with 
respect to the negative end of b. The potential of c was +1.5 with respect 
to the negative end of }, so that c was negative to all parts of } inside it 
(apart from contact differences of potential). Therefore since the area of 
c was very large compared with that of a, the total field accelerating electrons 
away from b was small, even when a was 10 volts positive to b (negative end). 
As a result, the space charge limited current to a is proportional to the 5/2 
power of the effective voltage accelerating electrons away from 6. Ac- 


2 These measurements were made from two to four years ago. They are incomplete, and 
publication was delayed in the hope of doing further work. As opportunity for this has not 
occurred yet, it seems worthwhile to publish a description of the method and of the results 
obtained to date. 
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cordingly in Fig. 2 we plot (%.)?/5 as a function of V.» in order to obtain 
a linear plot. Such characteristics were taken first with the surface of a 
completely coated with thorium, and then with the thorium removed. 
The other conditions were E,=—22.5, E.=+1.5, both with respect to 
the negative end of b. The two lines in Fig. 2 are parallel throughout their 
course and displaced from each other by 1.46 volts. This then is the contact 
potential difference between cold tungsten and thoriated tungsten surfaces, 
the ThW being positive to the W surface. The fact that the lines are parallel 
over the entire voltage range gives us confidence in the result. The same 
value for this contact potential difference was also obtained with tube 502. 

Tube 502 was used chiefly to make measurements of the contact potential 
between tungsten surfaces, clean, or coated with oxygen, caesium, or both. 
Filament d was used as a thoriated electron source, while filament } was 
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coated with various films. Filament a was heated to drive caesium 
off cylinders c and g before the measurements were started. Usually complete 
characteristics were not taken, but the potential of b necessary to take a 
certain electron current from d was found. 

The measurements which were considered to have been made under 
satisfactory experimental conditions are listed in Fig. 3. The various kinds 
of surfaces are listed in separate columns, and the double arrow indicates 
between which pair of surfaces the measurement of contact potential differ- 
ence (AV) was made. The values of AV in parentheses were obtained by 
subtracting the two preceding values. The cylinder potential V. is given 
in the last column. V, was kept at —22 volts throughout. The surfaces at 
the left of the table are positive to those at the right. 

The method of preparation of the surfaces was as follows. The W surface 
was of course prepared by flashing filament } for a short time at a high 
temperature. This cleaning was always done before depositing an adsorbed 
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layer. The OW surface was prepared by letting oxygen come in contact 
with the cleaned, cold filament, the tube being immersed in liquid air to 
prevent rapid oxidation of the caesium in the tube. The CsW surface was 
similarly prepared by letting caesium vapor deposit on the cleaned, cold 
filament, the tube being subsequently immersed in liquid air. For the 
CsOW (unactivated) surface, an oxygen layer was first formed on the cleaned 
filament, sometimes by adsorption with the filament cold, and sometimes ~° 
by heating the filament for 1 sec. at about 2000°K in a low pressure of oxygen 
(a few baryes). Caesium was then allowed to deposit on this surface. A 
surface prepared in this way is not an active thermionic electron emitter.’ 
To obtain large emissions it is necessary first to activate the filament by 
heating for a few seconds at 1600 to 1800°K. The CsOW (activated) surfaces 
were prepared in this way. 

Suppose we started with a CsOW (unactivated) surface, asin 1810 (1, 2) 
of Fig. 3, and measured the potential (Via) of 6 necessary to draw a certain 
electron current (7#) from d. Filament 6 was then heated hot enough (up 
to 1600°K) to drive off all the caesium, but not to remove any large amount 
of oxygen. V»¢ was then again determined for the same value of ia. The 
difference between the values of Vig then gave the contact potential differ- 
ence between CsOW (unactivated) and OW (activated), since the heating 
to 1600°K was considered to have put the oxygen layer in nearly the same 
condition as that in an activated CsOW surface. The oxygen layer was then 
distilled off by heating to 2500 to 2800°K for a few seconds, giving a deter- 
mination of the contact potential difference between OW (activated) and W. 
The procedure in the other cases of Fig. 3 was analogous. 

The average values of contact potential taken from all the data are:— 

CsOW-W: 3.1 volts ThW-W: 1.46 volts 
CsW-W: 2.8 W-OW: 0.8 
In each case the surface on the left is positive to the one on the right. Most 
confidence is felt in the ThW-W result. The others should be regarded as 
provisional values, although no reason is known for suspecting serious error. 

It will be noticed from Fig. 3 that the data are not accurate enough to 
distinguish between the different types of OW surfaces investigated. It 
is more surprising that there is also no distinction between activated and 
unactivated CsOW surfaces, as there is a large difference (of the order 
10° fold) between the electron emissions from these surfaces. 

The contact potential differences are connected with the thermionic emis- 
sion constants for the various surfaces by the relation‘ 


AV =¢$1—¢2+(7/11600)In(A2/A1) (1) 


where ¢; and ¢2 are the work functions of the two surfaces, expressed in volts, 
and A, and A, are the values of the A constant of thé thermionic emission 
equation. The values of these constants are given in Table I, together with 
the temperature range over which the measurements on which the constants 
are based were made. 


3 Kingdon, Phys. Rev. 24, 510 (1924). 
* Richardson, Emission of Electricity from Hot Bodies (1921) p. 41. 








IRVING LANGMUIR AND K. H. KINGDON 


TABLE I. Thermionic constants of various surfaces. 











b ry A Temp. 
Surface degrees volts amp/cm?T? range °K 
CsOW® 8300 0.71 0.003 600-700 
Thwé 305C0 2.63 3.0 1150-1600 
Ww? 52600 4.52 60 1900-2300 
OW? 107000 9.23 5x10" 1500-1700 








In Table II are shown the observed values of contact potential between 
various surfaces, together with the values calculated from Eq. (1) using the 
data of Table I. The contact potentials have been calculated for a tempera- 
ture of 300°K in (1), since the filaments were not heated. 


TABLE II. Calculated and observed values of the contact potential for various surfaces. 











Surfaces AV (calc.) AV (obs.) 
ThwW-W 1.81 1.46 
CsOW-W 3.55 s.3 
W-OW 4.12 0.8 








The agreement is not good. In no case was there any indication of a con- 
tact potential difference of 4 volts between tungsten and oxidized tungsten. 
It is believed that the differences between the observed and calculated values 
are well outside the experimental error in the contact potential measurements 
for the ThW-W and W-OW combinations. However it may not be justifia- 
ble to use electron emission constants determined at elevated temperatures 
to calculate contact potential differences between surfaces at room tempera- 
ture. An attempt was made to measure contact potentials between hot sur- 
faces, but the work was not completed. 

In another experiment measurements were made of the changes in contact 
potential and electron emission when the temperature of a tungsten filament 
was varied, thereby changing the amount of caesium adsorbed on its surface. 
The experimental tube was similar to those described above, and had two 
filaments 15 cm long and 0.0102 cm diameter. One filament was of thoriated 
tungsten, and the other of pure tungsten. The area of that part of each of 
the filaments inside cylinder C (Fig. 1) was 0.30 cm*. The thoriated filament 
was activated, and held at a constant temperature as the source of electrons. 
The caesium in the tube was kept at room temperature. Cylinder C was kept 
at—1.3 volts with respect to the negative ends of the filaments during the 
contact potential measurements. 

The tungsten filament was heated to the temperatures shown in the first 
column of Table III. These temperatures are those calculated from the heat- 
ing currents, and are subject to two large sources of error—cooling by the 
leads, and heating by radiation from the other filament. From rough calcula- 
tions it appeared that these errors, although of the order of 100° at the lowest 
temperatures, approximately compensated each other in the center part of 


5 Kingdon, Phys. Rev. 24, 510 (1924). 


6 Dushman and Ewald, Phys. Rev. 29, 857 (1927). 
7 Dushman, Phys. Rev. 21, 623 (1923); 25, 338 (1925). 
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the filament, so that the original temperatures as determined from the heat- 
ing current have been retained in the table. 











TABLE IIT. 

4 lobs Vy AV Ad i) b teale 

°K pa volts volts volts volts degrees ua 
542 0.87 0.13 —0.565 —0.50 [1.38] [16000] [0.87] 

607 7.39 0.21 —0.520 —0.42 1.46 16930 3.2 

645 7.80 0.26 —0.465 —0.33 1.55 17980 6.2 

678 5.80 0.31 —0.395 —0.24 1.64 19020 5.4 

741 1.83 0.42. —0.190 +0.02 1.90 22030 FB 
794 0.41 0.55 0.000 0.27 2.15 24950 0.29 
846 0.10 0.68 +0.190 0.53 2.41 27950 0.063 
891 0.027 0.83 0.330 0.74 2.62 30400 0.023 








The electron emission from the caesiated filament is given in the column 
headed 7.2, (cylinder C was of course made positive for the emission measure- 
ment). The emission at first rose as the temperature was raised, but de- 
creased at the higher temperatures, since some of the caesium coating had 
been driven off. At each temperature the rates of adsorption and evapora- 
tion of caesium were in equilibrium. Vy, denotes the voltage drop over the 
caesiated filament due to the heating current. At each filament temperature 
the voltage A V was determined at which the caesiated filament must be held 
with respect to the thoriated filament in order that the former should receive 
0.5 wa electron current from the latter. This current flow was also affected 
by the potential drop over the caesiated filament, and in order to correct 
approximately for this, 1/2 V; was added to AV, the sum being given in the 
column headed Ad. These values of Ad then show the changes in the work 
function as the amount of caesium on the surface was varied, but do not 
fix its absolute value at any point. If the filament had been heated hot enough 
to keep its surface free of caesium, and thus fix ¢ from the value for tungsten, 
other complicating effects would have been introduced. The only available 
method for fixing the scale of ¢ was from the observed electron emission, 
using the emission equation 

i=607T%e—*/? amps. percm?. (2) 
From this we find that at the 542°K point b= 16000° and hence ¢=1.38 
volts. The other values of b and @ given in Table III were determined from 
this base value and the values of Ag. The last column of the table gives 
values of the emission from the caesiated filament calculated from Eq. (2) 
and the values of ¢. The observed and calculated values of the emission 
agree fairly well. 

Too much emphasis must not be placed on this agreement for the follow- 
ing reasons:—(1) the uncertainty in the temperature scale caused by lead 
cooling and radiation from the thoriated filament, (2) the approximate nature 
of the correction to AV involving V;, and (3) the fact that the constant’ 
60 in Eq. (2) is not correct for most adsorbed films. These inaccuracies 
are not inherent in the method, but could be overcome by changes in the 
construction of the tube so as to reduce the error in filament temperature; 
and by changes in the experimental procedure, so as to eliminate or correct 
for the effect of V;, and to enable a direct calibration of the scale of ¢@ to be 
made from the value for pure tungsten. 
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THE ATTENUATION OF ULTRA-VIOLET LIGHT 
BY THE LOWER ATMOSPHERE* 


By L. H. Dawson, L. P. GRANATH AND E. O. HuLBURT 
Naval Research Laboratory 


(Received March 27, 1929) 


ABSTRACT 


Measurements were made with a quartz mercury lamp, a quartz spectrograph 
and a recording densitometer of the attenuation of ultra-violet light from 3000 to 
2050A by the atmosphere at sea level. For wave-lengths from 5000 to 3000A the ab- 
sorption was too slight to be observed at distances up to 400 meters; for wave-lengths 
below 2800A there was pronounced absorption above that attributable to molecular 
scattering. The absorption was the same day and night, was unaffected by changes in 
the humidity,but increased with haze. The thicknesses of clear air necessary to reduce 
the light to 10-* were about 22, 5, 0.57 and 0.20 km for 2800, 2500,2200 and 2050A, 

* respectively. The absorption in the lower atmosphere around 2800 to 2900A was not 
sufficient to account for the sharp cessation of the solar spectrum in this region. This 
result is in keeping with the fact that the ultra-violet limit of the solar spectrum is 
due to ozone in the high atmosphere. The absorption in the lower atmosphere at 2200 
to 2050A, a spectrum region where ozone is relatively transparent, is great enough 
to prevent sunlight of these wave-lengths from penetrating to sea level. 


HERE have been very few measurements of the attentuation of ultra- 

violet light by the lower atmosphere and no measurements at all for 
wave-lengths below 2600A. In the present investigation the absorption 
coefficients in the region 3000 to 2050A have been obtained for a clear and 
a hazy atmosphere. The absorption was found to increase with a decrease 
in wave-length and an increase in haze. Schaeffer! determined the atmos- 
pheric transmission on clear winter nights for the region 3300 to 2600A; 
his values are referred to in a later paragraph. Rayleigh? in connection 
with the investigations of atmospheric ozone by Fabry and Buisson* ob- 
served qualitatively that the absorption by several km of the atmosphere 
for wave-lengths around 2536A was greater than that given by the Rayleigh 
molecular scattering formula. 

The present experiments were carried out on the edge of the Potomac 
River about five miles from the city of Washington. The source of ultra- 
v.clet light was placed at the focus of a metal mirror 24 inches in diameter, 
and the spectrum was photographed from a distance with a quartz spectro- 
graph. For a specified region of the spectrum the distance was chosen so 
that the spectrum lines were weakened by absorption neither too much nor 
too little; this gave the most accurate results. A distance of 404 meters 
‘was used for the region 3000 to 2288A and in this case the source was an 
atmospheric pressure quartz mercury arc taking about 1.2 kw. Cadmium 


* Published with the permission of the Navy Department. 

1 Schaeffer, Proc. Amer. Acad. of Arts and Sci. 57, 365 (1922). 
2 Strutt, Proc. Roy. Soc. A94, 260 (1918). 

3 Fabry and Buisson, Journal de Phys. 3, 196 (1913). 
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and zinc were put into the mercury to furnish some strong lines in regions 
of the spectrum where the mercury lines were faint. For wave-lengths 
2288 to 2050A the distances were 30 to 50 meters and the source was a 
condensed spark between silver terminals with a current of about 15 amperes. 

The method employed was one often used in ultra-violet photometry 
and has been described by Fabry‘ and others. It consisted in photographing 
the spectrum of the source at a distance, then bringing the spectrograph 
to within a meter of the source reflected from the mirror and impressing 
on the same plate with the same time of exposure a series of comparison 
spectra through screens which reduced the intensity of the light by known 
amounts. Wire gauze screens were used of transmissions 100 (i.e. no screen), 
58, 32, 15 percent and sometimes of intermediate values. The transmissions 
of the screens were measured with a quartz monochromatic illuminator 
and a photoelectric cell, and tests showed the transmission of each screen 
was constant for wave-lengths in the visible and ultra-violet regions of the 
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Fig. 1. Percentage of light of various wave-lengths transmitted through 404 meters of the 
of the atmosphere. Curve 1 calculated from Eq. (2); curve 2 and circles, values observed for a 
clear atmosphere, visibility greater than 15 km; curve 3 and crosses, values observed for a hazy 
atmosphere, visibility about 8 km. 


spectrum. By means of a diaphragm the intensities of the comparison 
spectra were adjusted so that the strongest spectrum was stronger and the 
weakest weaker than the spectrum of the distance source. The width of the 
slit of the spectrograph was 0.1 mm and no lens was used in the front of 
the slit. Curves were taken with a recording densitometer of the spectra 
on each plate and from the measured heights of the curves the relative 
atmospheric transmission at each wave-length was determined. To get the 
absolute values of the transmission it was assumed that for wave-lengths 
where the absorption was too slight to be observed at the longest distance 
used, i.e. about 2800A for curve 2 and 2900A for curve 3, Fig. 1, the ab- 
sorption was that given by the Rayleigh molecular scattering formula. 

The percentage transmissions of wave-lengths down to 2288A through 
404 meters of the atmosphere are given in curves 2 and 3, Fig. 1, for con- 
ditions of good visibility and poor to fair visibility, respectively. The 


‘ Fabry, Proc. Phys. Soc. London 39, 1 (1926). 
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visibility is defined as the distance beyond which a dark colored object 
could not be distinguished in daylight, good visibility referring to a distance 
greater than 15 km and poor to fair visibility to a distance about 8 km. 
The circles and crosses in Fig. 1 are plotted from some of the values of the 
various plates and indicate the experimental variations in the measurements. 
It is assumed that the transmission of the atmosphere is expressed by 


I=],10-7, (1) 


where J, is the original intensity of the light, J is the intensity after passage 
through a distance x cm and a is the light absorption coefficient. The 
absorption coefficient due to molecular scattering given by Rayleigh® is 


329?(u—1)?/3NAtX2.3, (2) 


where uy is the refractive index of the air, N the number of molecules per 
cm and X is the wave-length of the light in cm. The factor 2.3 is in the 
denominator because we have written 10 in (1) instead of the Naperian 
base. Curve 1, Fig. 1, is the transmission through 404 meters of air calcu- 
lated from Eqs. (1) and (2). It is seen that pronounced absorption above 
that attributable to molecular scattering set in at about 2800A. The ab- 
sorption was found to be the same for day, night, summer and winter, and 
for conditions of high and low water vapor content, as long as the atmosphere 
was clear. . 

The values of @ calculated by Eq. (1) from the smooth curves 2 and 3, 
_ Fig. 1, are given in curves 2 and 3, Fig. 2. Curve 2’ is the extension of curve 
2 to wave-length 2050A, obtained from data similar to those of Fig. 1, but 
taken at shorter distances; for curve 2’ the ordinates of Fig. 2 should be 
multiplied by 10. The values of a calculated from the molecular scattering 
formula (2) are shown in curve 1. In curve 4 are given the values of a cal- 
culated by Eq. (1) from the atmospheric transmission percentages observed 
by Schaeffer for clear winter nights at a distance of 2300 meters. He joined 
his curve to the Rayleigh curve at 3400A. The measurements were made 
near Boston, Mass., and if it were assumed that the temperature was — 10°C 
and that a is proportional to the density of the air and hence inversely 
proportional to the absolute temperature, the values of curve 4 should be 
reduced by about 10 percent to be compared with those of curve 2 which 
were for an average temperature of about 15°C. On the whole one would 
suppose that for wave-lengths longer than 2800A the values of curve 4 
were more trustworthy than those of curve 2 and that below 2800A the 
reverse were true. 

It is seen that the ultra-violet absorption of the atmosphere is made up 
of a permanent absorption due to the atmospheric gases and a variable 
absorption due to the particles which cause haze. From 2050 to 2100A the 
permanent absorption agrees with that to be expected from the oxygen in 
air according to the recent measurements of Granath (to be published soon). 
Although no measurements of the absorption coefficients are available for 
wave-lengths longer than 2100A, oxygen is known to possess absorption, 


5 Rayleigh, Phil. Mag. 47, 375 (1899). 
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either continuous or in faint bands, in this region® and it seems probable that 
the air absorption is due mainly to the oxygen in the air. 

From curve 2, Fig. 2, ~a=0.910-* at 2800A, which shows that light of 
this wave-length is reduced to 10? of its original intensity by passage through 
22 km of the atmosghere. Since the total vertical thickness of the atmosphere 
is equivalent to about 8 km at atmospheric pressure, the absorption from 
2800 to 2900A by the lower atmosphere is not sufficient to account for the 
sharp cessation of the solar spectrum’ at 2885A. This is in agreement with 
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Fig. 2. Light absorption coefficient a of air. Curve 1, calculated from Eq. (2); curve 2, 
values observed for a clear atmosphere, visibility greater than 15 km; curve 2’, the extension 
of 2 to 2050A, the ordinates should be multiplied by 10 for 2’; curve 3, values observed for a 
hazy atmosphere, visibility about 8 km; curve 4, values observed by Schaeffer. 


the fact that the ultra-violet limit of the solar spectrum is due to ozone 
in the high atmosphere. The ozone absorption band, however, which sets 
in at about 2900A extends only to about 2200A, and below this ozone is 
relatively transparent.’ It has not been known why sunlight in the far 
ultra-violet region from 2200 to 2000A does not penetrate to the surface 
of the earth. The present measurements indicate that it is the lower atmos- 
phere which stops these wave-lengths, for from the values of @ of curve 2, 
Fig. 1, the thicknesses of clear atmosphere necessary to reduce the light 
to 10-? of its original intensity were about 570, 350 and 200 meters for wave- 
lengths 2200, 2100 and 2050A, respectively. 


6 For references about the light absorption of oxygen, see Wulf, Proc. Nat. Acad. Sci. 14, 
609 (1928). 
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THE ABSORPTION OF LIGHT BY FOG* 


By L. P. GRANATH AND E. O. HuLBuRT 
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(Received March 27, 1929) 


ABSTRACT 


Measurements between two stations 0.4 km apart with a thermocouple and gal- 
vanometer and with spectrograms, properly calibrated, of the absorption of light by 
fog for wave-lengths from 0.4 to 34 showed that the absorption increased slightly 
with decrease in wave-length, but hardly enough to indicate that red light is ap- 
preciably better than blue light for the purpose of penetrating fog. For a fairly 
dense fog, such that in daylight dark colored objects at about 0.6 km could barely be 
be seen, the distances necessary to reduce the light to 10~? of its original value were 
about 710, 843, 910, 970, 980 and 980 meters for wave-lengths 0.4, 0.5, 0.6, 1.0, 2.0 
and 3.0u, respectively. 


O QUANTITATIVE data appear to be available for the absorption 

of various wave-lengths of light by fog. In the present experiments 
the absorption by fog was measured for light in the region of the spectrum 
from 0.4 to 3.0u and was found to increase slightly with decrease of wave- 
length, but hardly enough to indicate that red light is appreciably better 
than blue light for the purpose of penetrating fog. 

The apparatus consisted of a transmitter and a receiver, 0.4 km apart 
with a fairly open field between them, situated on the banks of the Potomac 
River about five miles below the city of Washington. Although taken on 
land the measurements are considered to apply to fogs at sea, for it is thought, 
although it is not known with certainty, that the fogs, mists and vapors of 
the valley of the Potomac River near Washington have roughly the same 
optical characteristics as the fogs at sea and along the coast, Washington 
and its surroundings being less smoky than some localities. The transmitter 
was in a small shed about 3 meters above the level of the river and the 
receiver was on the top of a building about 15 meters high. A small Nichrome 
heating coil operated at a temperature of 940°K and placed at the focus 
of a 24 inch metal mirror served as a transmitter of infra-red rays in a 
band around 3u. The calculated spectral energy distribution curve of a black 
body at 940°K is given in curve 3, Fig. 1; the dots along curve 3 are the 
relative spectral energies of the Nichrome coil measured with a calibrated 
infra-red spectrograph. To obtain a transmitter of spectrum bands around 
1.44 and around 0.64 the Nichrome coil was replaced by a 2 kw tungsten 
lamp with a heat transmitting screen of black glass and a heat absorbing 
screen of pale bluish green glass, respectively. The observed spectral energy 
‘curves of the tungsten lamp through the two screens are given in curves 
2 and 1, Fig. 1, respectively. The bluish green glass was slightly trans- 
parent from 2.0 to 2.4u but the amount of energy transmitted in these wave- 
lengths was too small to affect the present measurements and to be percepti- 


* Published with the permission of the Navy Department. 
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ble on the scale of the drawing of curve 1. The transmitter was turned on 
and off by means of a shutter. 

The receiver for measuring the 3u, 1.44 and 0.6u bands was a 24 inch 
metal mirror at the focus of which was rigidly mounted a thermopile enclosed 
in a small metal box with a fluorite window transparent to about 8u. The 
thermopile was connected to a galvanometer of moderate sensitivity with 
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Fig. 1. Abscissas, wave-lenghts in u; ordinates, relative energies in arbitrary units. Curve 
1, tungsten lamp through bluish green heat absorbing glass; curve 2, tungsten lamp through 
black heat transmitting glass; curve 3, dots, Nichrome heating coil at 940°K, smooth curve, 
calculated black-body curve at 940°K. 


a shunting resistance which could be varied to keep the deflections on the 
scale. For observing the intensities of wave-lengths in the visible spectrum 
a spectrograph was used. The transmitter and receiver were carefully 
focused at each other and the deflections for the 3, 1.4 and 0.6u wave-length 
bands were observed on clear days, on days of fog and on clear days again. 
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Fig. 2. Abscissas, the visibility defined as the maximum distance in km at which a dark 
object could be seen in the daytime; ordinates, the ratios of the intensity of one wave-length 
to another after transmission through 0.4 km of the atmosphere. 


The deflections on clear days were reproducible within 10 percent for weeks 
at a time, and the ratios of the intensities 1.4u/3u, 0.6u/1.4u were repro- 
ducible within +3 percent. Thus the change in the ratios with fog could be 
observed quite accurately. The ratios for atmospheric conditions during 
daylight of the past few months varying from clear to dense fog are given in 
curves 1 and 2, Fig. 2. It is seen that the ratio of the intensities 1.4u/3y, 
shown by the dots and curve 1, remained constant when the atmosphere 
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changed from clear to thick fog. The ratio 0.6u/1.4u, shown by the circles 
and curve 2, decreased slightly with decreasing visibility. During several 
different periods of fog the ratios were the same,-within experimental error, 
for the same conditions of visibility. This experimental result was hardly 
expected, for there was no reason a priori to suppose that all fogs were alike; 
they did seem to be alike as far as the foregoing ratios were concerned. 
However, as described later, the intensity ratios for wave-lengths in the 
visible spectrum differed a little for the various fogs. The fractions of the 
transmitted energy in the 3, 1.4 and 0.6u bands arriving at the receiver 
through a fairly dense fog are shown by the three circles of Fig. 3. The 
scale of the abscissas below 1y is spread out. 

The intensities of the wave-lengths in the visible spectrum were deter- 
mined by photographing with a spectrograph the spectrum of the unscreened 
tungsten lamp search-light. By means of a 90° quartz prism, which could 
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Fig. 3. Abscissas, wave-lengths in yu; ordinates, the fraction of the energy of a given 
wave-length transmitted through 0.4 km of the foggy atmosphere when the fog was so thick that 
in the daylight dark colored objects at 0.6 km could barely be seen. Crosses, triangles and circles 
are observed points, the smooth curve is a theoretical curve. 
be swung into position in front of the slit, comparison spectra were photo- 
graphed of a tungsten lamp 1 meter away through wire gauze screens. 
The transmission percentages of the screens were found to be independent 
of the wave-length of the light in the spectrum region under investigation 
and were 100 (i.e. no screen), 58, 32 and 15 percent. The procedure was to 
photograph on the same plate with the same time of exposure six spectra, 
namely, the spectrum of the search-light plus daylight, the spectrum of 
daylight alone, and spectra of the comparison lamp through the four screens. 
The intensity of the comparison lamp was adjusted so that its strongest 
spectrum was stronger and its weakest weaker than the spectrum of the 
search light. Curves with the recording densitometer were taken of these 
spectra, an example is shown in Fig. 4. Curves 1, 2, 3, 4, 5 and 6 are, re- 
spectively, from the spectrum of the search light plus the daylight, the 
spectrum of daylight alone, and the spectra of the comparison lamp through 
the 15, 32, 58 and 100 percent screens. In curve 2 it is interesting to note 
the G, H and K absorption lines at 4308, 3968 and 3934A, respectively, 
of the solar spectrum. The large maxima and minima in the tungsten lamp 
curves at the longer wave-lengths were due to the wave-length sensitivity 
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characteristics of the panchromatic plate; the spectral energy curve of the 
tungsten lamp is of course smooth in this region. In justice to the densitom- 
eter it should be pointed out that the curves of Fig. 4 were purposely made 
broad for reproduction, the curves made for measurement were very narrow 
and sharply defined. 

Curves similar to those of Fig. 4 were made from spectra taken on clear 
days, and, omitting obvious and tedious details, the relative intensities of 
the various wave-lengths of the spectrum through fog, corrected for daylight, 
were derived from measurements of the heights of all the curves. The 
results for four different days of fog are given by the crosses and triangles 
of Fig. 3; these points were all relative to the cross at 0.6u, the absolute 
value at 0.64 being given by the galvanometer deflection with the 0.6u 
transmitter observed at the same time that the spectra were photographed. 
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Fig. 4. Densitometer curves of spectra, Curve 1, tungsten search light (plus daylight) 


through 0.4 km of fog, visibility 0.6 km; curve 2, daylight spectrum; curves 3, 4, 5 and 6, the 
comparison lamp through 15, 32, 58 and 100 percent screens, respectively. 





The triangles are a little higher than the crosses. It is thought that this 
represented a real difference between the fogs on the respective days because 
of the consistency of the measurements throughout the investigation. The 
variation of the ratio 0.45u/0.6u with the visibility is given in the dotted 
curve 3 of Fig. 2. 

During days of clear weather and good visibility the intensity ratios for 
all the wave-lengths investigated did not vary appreciably with changes 
in the water vapor content and the temperature of the atmosphere. The 
data on the absorption coefficients of water vapor for wave-lengths from 0.5 
to 5u, which surprisingly enough are uncertain and incomplete,' indicate that 
the ratio of the intensities 1.44/3u should have increased with the increase of 
water vapor content of the atmosphere. That this was not observed may 
have been due to the rather wide spectral regions, embraced in the trans- 
mitted bands, see Fig. 1, and to the relative narrowness of the water vapor 


1 Smithsonian Physical Tables, page 308 (1923); also see references in Lecompte, “Le 
Spectre Infrarouge,” page 347 (1928). 
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bands. The question deserves a further investigation which will require 
a complete determination of the light absorption coefficients of water vapor 
from 0.4 to 5y. 

Discussions of the passage of light through a medium containing par- 
ticles are usually based on Rayleigh’s A~* scattering formula, where X is 
the wave-length of-the light. For example, King? has pointed out that the 
intensity of light passing through fog or smoke might be represented by 
the equation 

[ = [ge (et ba) 2 (1) 
where /, is the original intensity of the light, J the intensity after passage 
through a distance x in the medium, and a and b are constants. The formula 
neglects scattering back into the beam, probably a negligible effect in the 
present experiments. The a term represents an absorption or a blocking 
out of the energy which is independent of the wave-length. The b/A~* term 
was derived for scattering by particles small compared to the wave-length. 
Although fog probably contains many particles which are large compared 
with \ as well as small particles, we may never-the-less suppose that (1) 
represents the passage of light through fog, on the idea that the edge of a 
large particle is in effect a small particle as far as diffraction is concerned. 
The curve of Fig. 3 is plotted from Eq. (1) and was made to pass through 
the points at \0.4 and 3.0u; a and b were 4.70 and 0.0459, respectively, 
forX in wand xin km. Although the theoretical curve fits the observations 
fairly well, we can hardly regard the theory as complete, for many equations 
with two arbitrary constants will fit equally well. 

The present measurements indicate that a red light is practically no 
better than a blue light for fog penetration purposes. For example, from 
the data of Fig. 3 the distances through a fairly thick fog necessary to 
reduce the light to 10~* of its original value were 1.40 and 1.20 km for red 
light \0.65u and for blue light \0.45u, respectively, and the distances to 
reduce the light to 10°” were 925 and 800 meters, respectively. It should 
be clearly.understood, however, that the present measurements, which 
were concerned only with light intensity, do not in themselves yield a com- 
plete answer to the question whether a red light is better than a blue light 
in a fog. A complete answer about the visibility or recognizability of a 
particular light should probably consider in addition to light intensity 
such matters as the visibility curve of the eye, the contrast with the back- 
ground, etc. In conclusion, it should be emphasized very strongly that the 
measurements of this paper on thick fogs over short distances can not be 
safely extrapolated to give information about mists, or haze due to moisture, 
smoke, dust, etc., over long distances. The facts that the sun is sometimes 
red at sunset, that distant lights are sometimes reddened, and that photo- 
graphy with light of the longer wave-lengths often gives pictures free from 
the veiling effects of haze* indicate that in haze the selective absorption, 
probably due to Rayleigh scattering, in the blue is often more pronounced 
than in the case of fog. 

? King, Proc. Roy. Soc. A88, 83 (1913). 


3’ Eastman Kodak Company, Monograph No. 4, “Aerial Haze and its Effect on Photog- 
raphy from the Air,” page 15 (1923). 
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A PROBLEM IN BROWNIAN MOTION 


By G. E. UHLENBECK AND S. GoupsMIT 
Department of Physics, University of Michigan 


(Received April 26, 1929) 


ABSTRACT 


Gerlach investigated the rotatorial Brownian motion of a small mirror sus- 
pended on a fine wire. It follows from the theorem of equipartition that the average 
square deviation of the mirror will depend on the temperature alone of the surrounding 
gas. Gerlach verified this for a large range of pressures (1 to 10-* atm). The analogy 
which we found that exists between this problem and the well-known treatment of the 
shot effect by Schottky enables us to give a more detailed theory of this phenomenon. 
If the displacement, registered during a time, long compared with the characteristic 
period of the mirror, is developed into a Fourier series, we find the square of the ampli- 
tude of each Fourier component to be a function of the pressure and molecular weight 
of the surrounding gas as well as of its temperature, (formula 18). The sum of the 
squares, however, is a function of the temperature alone (proved in section 4). This 
explains why the curves registered by Gerlach at different pressures, though all 
giving the same mean square deviation, are quite different in appearance. To get 
the fluctuating torque on the mirror, the expression: 


amas FF 


x mn C€Atdo 





is obtained for the fluctuation in time of the pressure of a gas on the wall (section 5). 
In this m represents the number of molecules per cc, ¢ isthe mean velocity and Ao is 
the surface of the wall. 


I. INTRODUCTION 


NTERESTING experiments on Brownian motion around a position of 

equilibrium have been performed by Zeeman and Houdyk' in Amsterdam 
and by Gerlach? in Tiibingen. The former registered the motion of the loose 
end of a suspended wire, the latter photographed by means of reflected light 
the rotational Brownian movement of a little mirror fixed on a very fine 
wire. The first experiment is theoretically more complicated, because one 
has to consider the many natural frequencies of the observed body. In the 
experiment of Gerlach on the other hand the observed system has only one 
characteristic frequency. We will restrict ourselves therefore in the following 
treatment to the latter case. 

In both cases one can immediately predict by means of the equipartition 
theorem what the average square of the deflection will be. This will depend 
on the properties of the observed system and on the temperature only of the 
surrounding gas, not for instance on its pressure or molecular weight. The 
experiments however give more than merely the average square deviation; 
the registered curves show to some exten at least the time-dependence of 


1 P, Zeeman and A. Houdyk, Proc. Acad. Amsterdam, 28, 52 (1925). 
2 W. Gerlach, Naturwiss. 15, 15 (1927). 
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the irregular Brownian motion. As Professor Gerlach kindly communicated 
to us, the general appearance of these curves is quite different at different 
pressures of the surrounding gas, though the average square deviation re- 
mains the same for any given temperature. The problem is therefore to 
give a more detailed theory of these curves. 

It has occurred to us that this problem may be treated in a manner quite 
analogous to the method employed by Schottky,’ to describe the well-known 
shot-effect. In the experiments of Hull and Williams,‘ the fluctuating vol- 
tage in the shot-circuit is coupled inductively with the amplification-circuit, 
which possesses only one characteristic frequency. In the experiments of 
Gerlach the fluctuating moment of momentum around the mirror-axis of 
the gas-molecules, is coupled, by means of collisions, with the “amplifying” 
mirror, which has also only one characteristic frequency. 

The analogy is complete only when the surrounding gas is much rarefied, 
because only then are the moments of momentum given by the gas-mole- 
cules to the mirror in successive time-elements independent of each other.® 

By applying the method of Schottky, we will show in Sections II and III 
that for this case the amplitudes of the Fourier components of the motion de- 
pend on the pressure and the molecular weight of the surrounding gas. This 
will explain the different forms of the observed curves under various cir- 
cumstances. 


II. THE FOURIER-ANALYsIS OF THE BROWNIAN MOTION 
The equation of motion of the mirror is given by: 
1¢+fo+D¢= M(t), (1) 


where: J is the moment of inertia around the mirror-axis; ¢ is the angle 
of deflection; f the friction-coefficient; D the directional force; and M(t) the 
fluctuating torque, caused by the collisions of the gas molecules. When we 
introduce the frequency in 27 sec: 


w=(D/I)*? (2) 
and the angular acceleration: 
T(t)=M(t)/I (3) 
and put: 
r=f/I (4) 
Eq. (1) becomes: 
d+ro+w'=T (i). (5) 


For our further purposes it is essential to give now a more detailed discussion 
of the meaning of M(t) or T(é). 


3 W. Schottky, Ann. der Phys. 57, 541 (1918); 68, 157 (1922). Comp. also: J. Tinbergen, 
Physica, 5, 361 (1925). 

4 A. W. Hull and N. H. Williams, Phys. Rev. 25, 147 (1925). Comp. also N. H. Williams 
and H. B. Vincent, Phys. Rev. 28, 1250 (1926). 

5 For higher pressures, the problem becomes analogous to the problem of the shot effect 
for high current densities. Because of the space charge the numbers of electrons hitting the 
anode in successive time elements are then not more independent of each other, and the 
fluctuations decrease. Comp. N. H. Williams and H. B. Vincent, ref.‘ p. 1262 and N. H. 
Williams and W. S. Huxford, Phys. Rev. 33, 773 (1929). 
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The actual microscopic M*(t) consists of a large number of sharp peaks, 
each corresponding to the impulse moment transferred to the mirror by 
the collision of one (or a few) molecules. We introduce now a “physically 
infinitely small” time-element At,’ very small compared with the character- 
istic period 27/w of the mirror but within which many collisions occur.’ 
Our function M(¢) consists of the averages of all M*(t) values included in 
each time-element At. The actual value of M(t;) for the time-element Af; is 
of course unknown a priori, but we can tell some of its properties: 

(a) M(t,;) will have equal chance of being positive or negative, so that 
the average over all the time-elements is zero. 

(6) In our case, when the surrounding gas is rarefied, the M(t,) in the 
time-element At; will be independent of the value M(¢;) in the time-element 
At;. 

(c) In Section V we will show that the mean of M?*(t;) over all the time- 
elements is given by: 





M*(t;) =4mépI /pAt (6) 


where: m is the mass of the gas molecules; ¢ their mean velocity; p the 
pressure of the surrounding gas, and p the mass of the mirror per square cm. 

Let 7 be the time of observation, which must be long compared with the 
period of the mirror, so that: 


AtK29r/wKr. (7) 
Develop 7(¢) within the interval (0,7) in a Fourier series: 
T(t) = >(Ax cos wiyl+ By, sin w,é) (8) 
k=0 
where: 
oO, = 2ak/r 


2 T 
Av=— f T(t) cos w,xt-dt 
T 0 





Noes ! (9) 
B,=— f T(t) sin wy -dt 
T 0 y 
We can now replace these integrals by the following sums: 
2 z 
A,=— T(t,) cos wl; At; 
T 1 
(10) 


2 z 
B,=— > T(t) sin wl; At; 
T 1 
where At; are the successive, equal time-elements, and TJ(¢;), cos wati, 
sin w,l; are evaluated at a time ¢; included within the 7 element At;. Z 


6 We suppose them all equal. 

7 The introduction of such an “physically infinitely small” time element is characteristic 
in the kinetic theory of gases. Comp. e.g., P. and T. Ehrenfest, Enc. der Math. Wiss. Vol. IV, 
Art. 32, p. 39. 






























oe 


148 G, E. UHLENBECK AND S. GOUDSMIT 


is the total number of time-elements. The motion of the mirror is then ex- 
pressed by: 


ot) = Yo()= >> 


k (w?—w,*)?+77o, 
as {A p7W4 + B,(w? —w,”) } sin woxt | 


which is the solution of (5) under the conditions ¢=¢=0 for t=0. These 
conditions mean that we start our observations only when all external dis- 
turbances have been damped out, and the remaining motion is due only to 
collisions with the gas molecules, or in other words, we observe the Brownian 
motion around the position of equilibrium and not around an already ex- 
isting vibration. 

From this, we find for the time-average of ¢,?: 


——_  o A,P+B,? 
o,.2=— — . 
2 (w? — w,”)?-+ r2w,? 
In the case of very low pressure it is now possible to predict from the three 


properties (a), (0) and (c) of M(t) (or T(t)) the value of A,? and B,?. From 
(10) we have 


“ [{A n(w*? — w,”) — Byrax} COS wyt 





(11) 


(12) 





Zz Zz 
Ato 7 T(t) Tit;) COS w,l; COS wt ;- At,At;. (13) 
T° j=l j=1 
Consider first in this double sum the terms with 7#j7. As a consequence of 
property (5), in the case of low pressure 7(¢;) and 7(t;) are completely in- 
dependent; hence these terms will have equal chances of being positive or 
negative and for large Z their sum will vanish. Consider next the terms with 
t=j, which are all positive. Due to our choice of At;, for all frequencies w, 
of the order of magnitude of w (and only those give according to (12) an ap- 
preciable ¢,2,) 27/w; will be very large with respect to At;, so that cos *wxt 
changes very little over many time-elements A/;. We may therefore replace 
T?(t;) by its average value and obtain: 


4___— 
A=—Tb) , ® cos? w,t;(Aé;)?. (14) 
T i=1 

Finally, replacing the sum once more by an integral, we have: 
A,2=2/r T*(t) - At (15) 


Obviously the value of B,? is the same. 


III. DiscUssION OF THE FINAL FORMULA 
Formula (6), which will be developed in §5, together with equation (3) gives: 
T*(t) =4mép/TpAt. (16) 


In §6 we will prove, that for the case of low pressure, the friction-coefficient 
is given by: 


f=2méppl/kT. (17) 
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Substituting (15), (16), (17) in (12), we get the final formula: 
lm 1/2(SkT)82- p 1 
pl-r ‘ehT (wo? —w,2)?+32p%p*ar? 
in which the well-known relation is used that: 
€=(8kT/xm)'!?. 


From the analysis in Section II it is clear that this formula may be interpreted 
in the two following ways: 





(18) 


oF 


1. If we resolve into Fourier series a great number of curves, each observed 
over a relatively short time t (which however must still fulfill the fundamental 
inequality (7)), the mean square of the amplitudes of the k** components 
will be given by (18). ; 

2. If we analyse one curve, observed over a very long time r, then the square 
of the amplitudes of the k* component will also be given by (18). 

The formula (18) shows the noteworthy result, that ¢,2 depends not only 
on the temperature, but also explicitly on the pressure and the molecular 
weight of the surrounding gas. Asa test we must of course show, as we will 
do in §4, that by summing over all values of k, we obtain for the mean potential 
energy }D@? the equipartition value }kT which is independent of the pressure 
and the molecular weight of the surrounding gas. 

The dependence on the pressure is rather complicated. For frequencies 
w, very near to w, the ¢,2 becomes inversely proportional to p, and for w, 
very large compared with w, the ¢, becomes almost directly proportional 
to p. These latter terms of course contribute very little to the total motion, 
the denominator being so large. When we plot therefore ¢,? against k, the 
resulting curve has a maximum in the neighborhood of w, which rapidly 
becomes very sharp as the pressure decreases. The motion of the mirror than 
becomes more and more “monochromatic.” 


APPENDIX 


IV. PROOF OF THE EQUIPARTITION THEOREM. 
The average potential energy of the vibrating mirror is equal to: 


3D¢*=43D Dioi* (19) 
k= 

because the different Fourier components are independent of each other. Though we re- 
stricted ourselves to values.of «, small with respect to 2x/At, it is permissible to extend the 
summation to infinity, because the components with ws large compared to w contribute very 

little to the sum. 
Equation (15) shows, that A,* and B, are independent of k; hence from (12) and (15): 

— ———— = 1 

$3= Didet?=—T): at D (20) 
T 


k=0 bao (w? — we”)? +-72w,? 


The last sum we now replace by an integral, substituting: 





xE=w,/w= 2ak/Tw 


which gives: 








Sr 1 T e dx 
X (wo? — wy?) 7? + 2a? of, (1 —x*)?+-(7?/w*) x? 
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with very good approximation. The value of the integral is rw/2r,* so that we obtain: 


$2=T%(i): At/2w*r. (21) 


Introducing the relations (16) and (17), and substituting from (2) and (4) the values of «? 
and r, we obtain immediately: 


4Do2=43kT. (22) 


V. PROOF OF THE FLUCTUATION FoRMULA (6) or (16). 

This relation follows from a consideration of the fluctuations in time of the pressure exerted 
upon a wall by a rarefied gas. Using Maxwell’s distribution law one easily derives an expression 
for the probability that a molecule of a gas within a volume V at the temperature T gives to 
a portion Ao of the wall a momentum normal to the wall lying between G and G+ AG during the 
time At. It is:* 


WAtaoAG =— : = Ge-G?/8™*T AtAoAG (23) 
OIG Oe rns oe (5g . AoAC. x 
2 (2emkT)3/2 V 


Let n;; be the number of molecules, which in the time-element At; give a momentum lying 
between G; and G;+AG; to the portion Ao of the wall. Then the total momentum given to 
Ao during At; becomes: 


G(t;) = > Ging. 


7=0 


Using the bar to denote the average over all time-elements, we find easily: 


anew «aseew® eee, a — - 

G*(ti) —G(ts) = (ZjGinij)*— (Z,Gjnij)? = 2;G;7(n; ;? — (nsj)*) (24) 
because the cross-terms cancel, and the average over the time-elements Af; extends only over the 
nj. In general the fluctuation formula holds: 


ni j?— (gj)? =n; (25) 
and n,; follows immediately from (23), after multiplying by the total number of molecules 
N. Substituting then (25) in (24), and replacing the sum by an integral, we obtain: 


a a 
OO) CO > GamkT 


p=NkT/V. 


soa: f G? exp [-G2/8™*T dG = 2mcpAoAl (26) 
0 


for: 


8 See W. Schottky, Ann. der Phys. 68, 157 (1922). 
® Integrating over G from 0 to ~, we get for the probability that a molecule hits in the 
time Af the surface element Ao: 


wAtho=cAtho/4V 


corresponding to the well-known result for the mean number 4 striking 1 cm? of the wall per 
second: 


n=Nc/4V. 


In the same way we find for the mean momentum given to the wall taken over all the mole- 
cules striking it: 


G=(2aemkT)'/2 


and for the mean square: 


G?=8mkT ® 


7 
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This, divided by Af, expresses the fluctuation in time of the pressure on the portion Ao of the 
wall® From this it follows obviously that for a disc of surface o inside the gas, the mean of 
the square of the force K(t;) taken over all the time-elements Af; is given by: 

K2(t;) =4mcpo/ At (27) 


as for such a disc K(t;) =0, and the fluctuations on the right and left side are independent of 
each other. 

For a case like the experiment of Gerlach we must consider the moment of momentum 
around the mirror axis instead of the momentum. The analogous formula for the torque is then: 


iG = amet ff sao -mel 


where x denotes the distance from the axis. This is equation (6). 








VI. Proor or ForMULA (17) FOR THE FRICTION COEFFICIENT.“ 
Consider a portion Ao of the mirror, which moves, say to the right in the direction of the 
x-axis with the velocity u. The number of molecules per second, which strike this from the 
left, and which lie within a certain velocity-range didnd¢ is: 


N -_ —me? /2kT A od td 28 
Ni= — — A 
dN\= (= aT yer ue tdndt (28) 


where we have used Maxwell’s distribution law, because in our case of very low pressure, the 
mean free path is large with respect to the dimensions of the mirror, so that the motion of the 
mirror does not disturb the velocity distribution of the molecules. If x is the distance from Ao 
to the axis of the mirror, then the moment of momentum imparted per second by these mole- 


cules is: 


3/2 == 
: dM,= (“ “=) : cM (t—u)* x e-™e/T Aodtdndt. (29) 


Neglecting the term with u? and integrating over n and ¢ from — © to + ~, and over é from 0 
to + ©, we get: 

M,= pxdo—mcNuxdoV-. (30) 
In the same way, we find for the moment of momentum given to Ao per second by mole- 
cules striking from the right: 

M.= — pxdo—mcNuxdoV™ (31) 
so that the total moment of momentum given to Ao per second is: 


M,+M2=—2mcpuxdo/kT. (32) 


Now u=x¢, so that we find for the friction coefficient: 


parmcl ff ‘dittis me 


10 This can be written in the form: 


p?—(p)? —. 161 1 
—— = f=—-—-. 
(p)? x n cdtho 








which is formula (17). 








when n is the number of molecules per cc. It has then the same form as the expression for the 
fluctuation in pressure of a gas inside a volume element Av (see R. Furth, Die Schwankungser- 
scheinungen in der Physik, Vieweg, Braunschweig, 1920, p. 58): 
Vo 
ce nm Av 
but it cannot be derived from it. 
1 Comp. H. A. Lorentz, Les theories statistiques en thermodynamique, Leipzig, 1916, 


p. 53. 
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THE CAPTURE OF ELECTRONS BY SWIFTLY MOVING 
ALPHA-PARTICLES 


By BERGEN Davis AND A. H. BARNES 
Puysics LABORATORIES, COLUMBIA UNIVERSITY 


(Received May 10, 1929) 


ABSTRACT 


Relative velocities of an alpha particle and an electron which are favorable 
for the capture of the electron.—A stream of electrons from a thermionic source is 
superposed on a beam of a-particles from polonium. To determine the number of 
captures, the a-particle beam is subjected to a magnetic field and the number of 
deflected a-particles counted by the scintillation method. If an a-particle captures 
an electron before entering the magnetic field it will no longer be deflected to so great 
an extent. The number of scintillations for various velocities of the electrons, both 
greater and less than that of the a-particles, was observed. It was found that cap- 
tures take place only at definite electron velocities. These velocities are related to 
velocities inthe Bohr orbits of ionized helium as follows: v= u—w and v =w’ —u where 
u is the velocity of the a-particle, w and w’ are two velocities of the electron at which 
capture takes place and 1 is the velocity of an electron in any one of the circular Bohr 
orbits. A plot of the number of captures as a function of the voltage impressed on 
the electron stream gives a series of maxima on each side of the equivalent volt- 
velocity of the a-particles which correspond to the energy levels of ionized helium. 


T IS a matterofsome surprise thatana-particle asit smashesitsway through 
a gas and comes in contact with electrons should not attach one or more 
of them to itself. The approach is very close and the force is that due 
to a doubly charged nucleus. This matter was discussed by one of us (B. D.) 
in a letter to Nature (May 26, 1923). A possible explanation was given 
which agreed fairly well with the experimental facts. Experiments by Hen- 
derson! had shown that first capture took place when the velocity »; of the 
a-particle was reduced to 0.4 vo, where vo is the normal velocity of the a- 
particle, which was given by him as 2.06X10° cm/sec. The second capture 
took place when »=0.15v9 approximately. The point of view advanced 
in the letter was that the a-particle moved so swiftly that the chasing electron 
was not able to overtake it. If the a-particle were retarded and moved with a 
less velocity the electron would be able to catch up. This limiting velocity 
should be the parabolic velocity, or velocity of fall from infinity to the orbit 
or energy level in question under the action of the central forces. The 
computed velocity of fall to the energy level for quantum number one agreed 
very well with the value v; = 0.419 as observed by Henderson. 
The present experiments were undertaken to determine more precisely 
the way in which the chance of the capture of an electron by an a-particle 
varies with their relative velocity. 


1 Henderson, Proc. Roy. Soc. A102, 496-506 (1923). 
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It is difficult to retard the velocity of a-particles to a desired value. 
Since motions are relative the expedient was here adopted of increasing the 
velocity of the chasing electron by a suitable electric field. It was expected 
that as the velocity of the electron approached that of the a-particle it 
would unite with the nucleus and form an ionized helium atom. The striking 
results obtained in our present experiments might have been anticipated had 
we calculated the parabolic velocity for other energy levels as well as for the 
first one. 
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A schematic representation of the experimental arrangement is shown in 
Figure 1. The source of the a-particles is polonium deposited on the end of a 
pointed rod placed at S. The source of the electrons is a large oxide-coated 
filament f with a small aperature at O to permit the passage of the a-particles. 
The electrons are given the desired velocity by a suitable voltage V, acting 
between filament and grid g. The a-particles are deflected by a magnetic 
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Fig. 2. 


field at M and strike the zinc sulphide screen at b. The scintillations are 
counted in the usual manner. If an a-particle captures an electron between 
f and g it will not be deflected to b. The number of scintillations per minute 
will decrease. The experimental procedure was to count the scintillations 
without the electron stream, then to turn on the electron stream and pro- 
gressively increase the electric field V, by small steps. The decrease in 
scintillations givestat once the percent of captures. 
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The results of our experiment are given in Figure 2 and in the table. The 
ordinates are percent captures, and the abscissae are applied voltages, V,. 
The voltage V»)=590 is the potential difference that gave the electrons a ve- 
locity equal to that of the a-particles. This velocity was 1.45 10° cm/sec. 
The velocity of the a-particles was diminished from their original one of 
1.59 10° cm/sec by passing through a thin glass window that admitted 
them into the highly exhausted che aber. It was so arranged that the normal 
number of scintillations should be avout 60 per minute. All observations were 
made with an electron current of 60 milliamperes excepting in the case of 
No. 1 on the low voltage side, namely, at V,=295 volts. This curve was 
taken at 30 milliamperes. 

The observed curves consist of two series of sharp maxima grouped on 
each side of the central line at Vo. They should correspond to the spectral 
series of the ionized helium atom. 

In the figure the quantum number 1 is placed at the peak of the curves 
and V, designates the potential at which the line of quantum number 
is observed. 














Fig. 3. 


The kinematical relation of the chasing electron and the a-particle at 
the condition of capture is represented in Figure 3. The velocity of the a- 
particle is designated by u and that of the chasing electron by w. The circle 
about a represents a Bohr orbit and vis the velocity which an electron would 
have in this orbit. The condition of capture is that the electron e having 
velocity w or w’ shall be at rest with respect to the hypothetical electron at 
b or at b’. This kinematical relation may be represented by v=(u—w) and 
v=(w’—u). This is the condition of capture in any orbit, and approxi- 
mately represents the observed series of maxima. 

The system of coordinates may be transferred to the a-particle. In this 
case the a-particle is at rest and the electron appears to approach from the 
right with a velocity v for the case for which V,,isless than Vo. It approaches 
from the left with velocity v for the case for which V, is greater than Vo. 
In each case the velocity v is the relative velocity of a-particle and electron. 
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The velocities w and w’ are those acquired from the applied electric field V,, only. 
The velocity that the approaching electron may acquire from the doubly 
charged nucleus does not play a part in the process. 
The energy relations may be directly written down; 
3mv? =}3m(u—w)? 
and 
3mv*? =4m(w’ —u)?. 
By means of the relations: 
E,e=}mv?; Voe=}mu? and V,e=}mu? 
where E,, is the ionization potential of singly ionized helium from the energy- 
level characterized by the quantum number n, we derive at once the expres- 
sion 
E, =(Vo"2—V,,"/2)2 
for the series of maxima when VJ, is less than Vo and to 
E, = (Va? — Vo"2)2 
for the case when V, is greater than Vo. 
The series terms as calculated by the above expressions are given in 
Table I. The first column specifies the quantum number n of the energy 
level. The second and fourth columns show the applied potentials, and the 











TABLE I, 
n Vax Vo En Van> Vo Be En=54.16/n? Mean 
of E, 

1 295 50.6 1005 54.9 54.16 + & 

2 410 16.7 800 15.6 13.54 16.2 
3 483 5.33 720 6.45 6.01 5.67 
4 505 3.29 700 4.71 3.38 4.00 
5 519 2.28 681 3.27 2.16 2.77 
6 531 1.56 667 2.41 1.50 1.98 
7 535 1.34 653 1.59 1.10 1.46 
8 538 1.19 645 1.23 . 84 1.21 
9 —- -— 638 96 .668 _— 
10 — _— 635 .88 .54 — 


























third and fifth columns give the energy levels as calculated from these 
potentials. The mean values are given in the last column. In the next to 
the last column are the energy levels as calculated by 
E,=4(13.54)/n? (volts) 

The ionized helium atom is a hydrogen-like structure with a double charge. 

The agreement between the two last columns of the table is not good. 
Probably one should not expect a good agreement with the present arrange- 
ment of filament and grid. It is quite probable that a change in the potential 
V, alters the distribution of the electrons. Also at these large electron 
currents (60 milliamperes), the space-charge effect must have been strongly 
present. This and other matters that may affect the results will be investi- 
gated. 
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The sharpness of the curves, together with the fact that there are no 
captures between the maxima indicate that the probability of recombination 
is very great when the relative velocity of an ion and an electron is that cor- 
responding to an energy level. It is very small at all other velocities except 
for the special case when the relative velocity is zero, as indicated by the 
strong capture at Vo =590 volts. 

A point of some interest also is the fact that there are no captures in a 
region about 40 volts wide on each side of the Vo position. No decrease in 
the scintillations can be observed. The captures stop at about the tenth or 
eleventh energy level. This is far out from the nucleus from the point of view 
of the original Bohr model. The radius of the tenth orbit is about twenty-five 
times that of a normal hydrogen atom. The energy level is about 0.5 volts 
or less. It would appear that the nucleus is not able to retain an electron cap- 
tured at a level of such small energy. Possibly also an atom may have actually 
a large radius when an electron is at large quantum number. If so the electron 
might be stripped off by collisions with the molecules of the residual gas in 
the vessel. The distance from the grid g to the magnetic field M was 25 
centimeters. 

The electron is captured only when its relative velocity due to the 
accelerating field V, is that of the electron in its orbit. The velocity of fall 
into an energy level due to mutual attraction of the charges does not appear 
to be involved. If, however, the electron is subject to the central forces it 
does not start from rest at infinity as in the Bohr theory. It has an initial 
energy already equal to the energy level at which it is captured. It arrives 
with twice the normal energy for that level. This energy must be radiated. 
Is it radiated in two quanta of normal frequency or in a single quantum of 
twice that frequency? 

This is a preliminary announcement and details and descriptions of appa- 
ratus have been purposely omitted. The investigation will be continued by 
one of us (A. H. B.) and a complete description given in a later paper. 
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A NEW METHOD OF POSITIVE RAY ANALYSIS AND ITS 
APPLICATION TO THE MEASUREMENT OF IONI- 
ZATION POTENTIALS IN MERCURY VAPOR 


By WALKER BLEAKNEY 
Puysics LABORATORY, UNIVERSITY OF MINNESOTA, 


(Received June 8, 1929). 


ABSTRACT 


A new method of positive ray analysis is described which lends itself particularly 
well to the study of the nature of the ions formed by single electron impact in gases, 
the efficiency of their production, and the measurement of their ionization potentials. 
The novel feature of the method is the use of the uniform magnetic field of a large 
solenoid so to concentrate a beam of electrons as to provide a linear source of positive 
ions. The ions are then pulled across the magnetic field and subjected to an e/m 
analysis by a suitably designed analyser. 

Some preliminary results are given for mercury vapor in which the ionization 
potentials of Hg*+, Hg**, and Hg‘t are found at 30, 71, and 143 volts respectively. 


HE object of this paper is to describe a new method of positive ray 
analysis! which may be quite generally applied to the study of (1) the 
nature of the ions formed by single electron impact in gases, (2) the ef- 
ficiencies of the production of these ions, and (3) the accurate measurement of 
their ionization potentials. Some preliminary results are given on the values 
of the first, second, third, and fourth ionization potentials in mercury vapor. 


THE METHOD 


The essential feature of the new scheme is the use of a uniform magnetic 
field to confine a narrow beam of electrons to a straight path of considerable 
length and, at the same time, to effect the separation of the ions having 
different values of e/m. The electrons from the filament F, Fig. 1, are acceler- 
ated by the field V; through the system of slits S into the region between the 
plates A and B where the positive ions formed are drawn out by the small 
field V2. The strong magnetic field H restricts the electrons to a very narrow 
beam. The pressure of the gas-is such that only a small fraction of the elec- 
trons collide with molecules along the way. The beam is collected in the 
trap T where secondaries may be prevented from returning along the beam 
by applying a holding-on potential to the plate P. This beam of electrons 
provides a linear source of positive ions of practically uniform density. The 
ions are pulled out of the beam by applying between plates A and B a suitable 
cross field. This cross field will not, because of the magnetic field, appreciably 
affect either the velocity of the electrons in the beam or the position of the 
beam. A long narrow slit, parallel to the electron beam is cut in the plate B, 
and there emerges therefore behind B a wide ribbon of positive ions which 
may be subjected to an e/m analysis. The design of this analyzer will depend 


1 For a list of references on positive ray analysis see Phys. Rev. 33, 789 (1929). 
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upon the particular problem in hand. In what follows there will be described 
a particular form of analyser which was used to determine the first four ioni- 
zation potentials of the mercury atom. 

The type of analyzer chosen was one which seemed to fit best the dimen- 
sions of the tube available. It is illustrated by the diagram in Fig. 2. The 
magnetic field, furnished by a long solenoid, is now perpendicular to the 
paper. The electron beam shown by the dots is seen to be in the form of a 






































mm us L” 
C 
‘a . 
. beo-~ 70mm —20— 
an : 
| 7 p 
Fy SS TA Iw =) 
Fig. 1. Side view of apparatus. Fig. 2. End view. 


ribbon. This configuration was secured by stretching a tungsten filament wire 
lengthwise before the first slit (Fig. 1), this slit having dimensions 1X4 mm. 
The slit in plate B, Fig. 2, has the dimensions 0.25 X60 mm. Hence a wide 
sheet of ions is shot up between the condenser plates CD. Here an electric 
field E is applied of a strength sufficient just to balance the force of the 
magnetic field on a particular type of ion. This selected ion will then travel 
in a straight line up through the slit in the plate L where it will be collected 
on the plate K. Any ion having a different value of e/m will be deflected from 
this path. The plates A and B are set at a slight angle to the horizontal to 
allow for the curvature of the ion-path before it reaches the slit in the plate B. 

In Fig. 2 let x be a horizontal axis and let y be the vertical. If a particle 
of charge e and mass m passes vertically through the slit in B with a velocity 
vo the equations of its path in the condenser will be 

x = (mc/eH)(v9—Ec/H)|[1—cos (eHt/mc) | 

y = Ect/H+(mc/eH)(v9—Ec/H) sin (eHt/mc) 
where E and H are the electric and magnetic fields respectively and c is the 
velocity of light. For a particular ion to be collected on the plate K, x must 
vanish identically. This can only happen when v) = Ec/H. But vp = (2 Ve/m)"/? 
where V is the potential through which the ion has fallen before entering the 
region. Hence it follows that 

e/m = F2c?/2VH?. 

The apparatus was constructed entirely of copper with Pyrex glass 
insulation. The principal dimensions are shown in the figures. All the parts 
were baked out at red heat before assembling in a Pyrex tube of 9.5 cm 
diameter where the whole apparatus was again baked out at 400°C. One 
end of the tube was sealed off except for two small tubes, one leading to the 
pumps and the other containing the filament. The other end was closed by a 

















IONIZATION POTENTIALS IN MERCURY VAPOR 159 





large metal plate sealed in with wax. Care was always taken to keep the wax 
cool. This end of the tube may be sealed off if future work demands it. It has 
been found possible to keep the pressure of foreign gases below 10-* mm of 
mercury as read on the McLeod gauge while the tube was in operation. 
The procedure is to fix the magnetic field and the potentials V; and V2, 
and then analyze the ions produced by varying the electric field E. The total 
ionization for a given length of path is measured by the current to the plate B 
and the analyzer gives the relative numbers of different kinds of ions formed. 
The advantages of this method over other methods of positive ray analysis 
are: (1) The electron velocity is uniform and well defined, (2) the design 
lends itself to the study of ionization at very low pressures and very low 
current densities, i.e., to the study of the result of a single impact, (3) the 
different ions are examined by varying an electric field, all other conditions 
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Fig. 3. A typical e/m analysis curve. 


in the tube remaining constant, a feature which conduces toward great 
stability in operation, (4) the gas pressure throughout the tube is in equi- 
librium and hence may be accurately measured, (5) at the low current den- 
sities used the effect of space charge and positive ion sheaths is negligible, 
(6) the apparatus may be sealed up in a glass tube and thoroughly baked out. 
While the resolving power of the analyzer is not particularly high, yet it has 
proved to be excellent for the purposes for which it was designed. 


IONIZATION POTENTIALS IN MERCURY VAPOR 
T. J. Jones? in his work on the efficiency of ionization in mercury vapor 
pointed out that before a satisfactory analysis of his own results or of those 
of Compton and Van Voorhis or of Hughes and Klein could be made it 
would be necessary to determine for each electron speed the relative number 


2 T. J. Jones, Phys. Rev. 29, 822 (1927). 
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of ions having one, two, three, etc., charges. The analyzing system just de- 
scribed was designed to give information on this point and preliminary 
results have fixed the critical potentials for the formation of Hg?+, Hg*+, 
and Hg*+. 

Figure 3 is a typical example of many curves obtained at different electron 
velocities and different pressures. In this particular case V;=100 volts, 
V2=1.2 volts, and H=400 gauss. The pressure was that corresponding to 
saturated mercury vapor at —8°C. The electron current used was approxi- 
mately 310-7 amperes. The current to the plate K was measured with a 
Dolezalek electrometer having a sensitivity of 1500 mm/volt. The curve 
shows a large number of singly and doubly charged ions and also a slight peak 
corresponding to the triply charged ion. Ions corresponding to Hgt, Hg*t, 
Hg**, Hg**+ and Hg*+ have been found below 300 volts. It is believed that 
all these ions are the result of a single impact since the relative numbers have 
not been found to depend on the current density of the electrons. The chance 
that a single ion will be struck a second time before escaping from the beam 
is of the order of one in a million. 

The ionization potentials of the first four ions have been measured by 
extrapolating to zero the curves, Fig. 4, representing the areas under the 
peaks as functions of the electron velocity. The first one was assumed to be 
at 10.4 volts in order to fix the voltage scale. The points lying on the zero 
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Fig. 4. Curves showing the ionization potentials of four Hg ions. 


axis are not points on the curves necessarily, but merely represent runs in 
which no ions could be detected. The results obtained for Hg?+, Hg*+ and 
Hg*t are 30, 71 and 143 volts respectively. The value of Hg?+ is in agreement 
with that obtained by Smyth? (20 volts) for a double collision. 

A quantitative study of efficiencies of ionization in mercury vapor is in 
progress. The same type of work will then be carried out for many other gases. 

It is a pleasure to acknowledge the many helpful discussions with Profes- 
sor John T. Tate during the course of this work. The author is also indebted to 
Mr. Wm. B. Haliday for his suggestions and aid in constructing the apparatus. 


3H. D. Smyth, Proc. Roy. Soc. Al02, 283 (1922). 
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Progress in theories of the high atmosphere 
of the earth, as described in recent papers 
from this laboratory, has depended in no 
small part upon the paper by H. B. Maris 
dealing with gaseous diffusion, winds, tem- 
peratures and pressures in the upper atmos- 
phere. A summary appeared in Nature, De- 
cember, 1927 and the complete paper in Terr. 
Mag. and Atmos. Elect., December, 1928. 
Until Maris worked out the effects of wind 
mixing and diffusion the theories were almost 
at a stand-still. Thus it was that the present 
writer guided by the results of Maris was 
able to show (Phys. Rev., June, 1928) that 
the ultra-violet light of the sun might be 
expected to cause the ionization of the high 
atmosphere inferred from the behavior of 
wireless waves. Earlier writers, referred to 
in the reference just cited, had concluded that 
ultra-violet light, solar a or 8 particles and 
penetrating radiation were each apparently 
able to produce the inoization, although to be 
sure the ionization which they calculated 
did not decrease at night in such a way as to 
agree with the indications from the wireless 
waves. 

In a recent paper (Proc. Roy. Soc., Febru- 
ary, 1929) on the diurnal variations of ter- 
restrial magnetism, Professor S. Chapman 
discussed the question of diffusion and wind 
mixing. He followed closely but added noth- 
ing to the results of Maris, quoted the same 


While working with a rotary spark gap the 
writer observed a phenomenon which, so far 
as he has been able to ascertain, has not been 
described heretofore. 

The gap was formed by two fixed aluminum 
electrodes with a rotor composed of a moulded 
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Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eight of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


Wind Mixing and Diffusion in the Upper Atmosphere 


facts about the drift of meteor trails, adopted 
Maris’ values of the temperatures and diffu- 
sion level, etc., with no reference to the source 
of the ideas. A copy of Maris’ paper was re- 
ceived by Professor Chapman in May, 1928, 
six months in advance of publication. To 
avoid possible future confusion, it has been 
thought advisable to point out the true origin 
of the ideas. Further, Professor Chapman 
offered certain objections to the diamagnetic 
theory of the diurnal variations of the earth's 
magnetism of Gunn (Phys. Rev., July, 1928) 
partly on the basis that there were not enough 
ions for the purpose of the theory. To reach 
this conclusion he quoted Pederson’s esti- 
mates of ion densities. In this he was incon- 
sistent, for Pederson (‘“‘The Propagation of 
Radio Waves,”’ Copenhagen, 1927) arrived at 
the estimates on the assumption of no wind 
mixing and no diffusion in the high atmos- 
phere, whereas with these influences ion den- 
sities great enough for the diamagnetic theory 
seem possible. 

Finally, the diffusion of ions enters into 
Professor Chapman’s suggestions towards a 
theory, as given in his paper, in an interest- 
ing way. The question will be discussed in 
a forthcoming paper. 

E. O. Hutsurt. 
Naval Research Laboratory, 
Washington, D.C., 
May 7, 1929. 


A Phenomenon Observed in a Rotary Spark Gap 


disk carrying twelve aluminum electrodes be- 
tween them. The potential across the gap was 
about 10,000 volts and a large condenser was 
in parallel with the gap. When the discharge 
occurred the ends of the rotating electrodes 
were observed to describe a green luminous 
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path. The rotor was turning at a rate of 
6500 r.p.m. and the green path extended from 
one fixed electrode to another (one-half a 
revolution), representing a time interval of 
about 0.0045 sec. Over this distance the in- 
tensity dropped by about one-half (a visual 
estimate) of its value at the starting point of 
the path. : 

By cleaning (scraping) the ends of the elec- 
trodes the luminescence described above dis- 
appears but returns after the discharge passes 
for a few minutes and finally builds up to its 
former intensity. At the same time the ends 
of the electrodes show a marked degree of 
corrosion. By substituting iron for the alu- 
minum of the fixed electrodes the phenome- 
non disappears and does not reappear until 
the aluminum is replaced. Increasing the 
capacity across the gap increases the intensity 
of the green radiation. The above treatment 
of the electrodes seems to indicate that alu- 
minum oxide is the emitter of this radiation. 
The intensity of radiation given off by the 
ends of the rotating electrodes is so low as to 
make it difficult to photograph its spectrum 
with high dispersion; although it can be ob- 
served with a direct vision spectroscope which 
shows it to extend from around 4800A to 
5300A. Examination of the spark indicates 
that a green “flame” “follows” the rotating 
electrodes out of the white spark for a distance 
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of about one-quarter of an inch. This “flame” 
is much more intense than the radiation emit- 
ted from the arc described by the rotating 
electrodes but in the direct vision spectro- 
scope it appears identical in structure (a 
series of unresolved bands in the blue-green 
and green). This “flame” has been photo- 
graphed with a grating spectrograph of about 
4A per millimeter dispersion. From the posi- 
tion of the heads of the bands and the struc- 
ture of two of them they have been identified 
as the bands of aluminum oxide which were 
described by Pomeroy.! An effort is being 
made to photograph the spectral structure of 
this radiation at a point along the arc 90° from 
the spark. 

The observations recorded above indicate 
that during the discharge aluminum oxide is 
formed and that this molecule is raised to 
some particular energy state in which it can 
remain, without radiating the excess energy, 
for at least four thousandths of a second. 
Work now in progress will determine the 
maximum life of this condition and probably 
the life of the aluminum oxide molecule. 

R. E. BuRRouGHS 

Kodak Research Laboratories, 

Rochester, New York. 
June 7, 1929. 


1 W. C. Pomeroy, Phys. Rev. 29, 59 (1927). 


Electron Scattering in Hydrogen 


The experiments on the angular scattering 
of electrons described in an article in the 
PuysicaL REviEw (Vol. 33, page 559, 1929) 
have been extended both in angular range and 
accuracy. The scattering gas most extensively 
used in this recent work has been hydrogen. 

The apparatus, though new, was essentially 
the same as that described in the article re- 
ferred to. The changes consisted in refine- 
ments, such as narrower slits, and more 
accurate methods of measuring the angles and 
potentials. The hydrogen was admitted to the 
scattering chamber from the center of a 
Wood’s:tube. The distance from the Wood's 
tube, t@ the region where the scattering oc- 
curred Was made as small as possible. The 
flow of hydrogen was as rapid as the condi- 
tions allowed in order to favor the presence of 
a large percentage of atomic hydrogen in the 
scattering chamber. The actual amount of 
atomic hydrogen present in this region when 





the discharge was in operation could not be 
determined accurately, but from the work of 
Wood, Bonhoeffer, Kaplan, and others prob- 
ably in excess of 75 percent of the hydrogen 
was in the atomic condition. 

A further check on the presence of atomic 
hydrogen in the scattering chamber was 
afforded by the scattering curves themselves. 
Several differences were apparent between the 
curves obtained when the discharge was on 
and when it was not. The magnitude of the 
peak due to elastic impacts dropped siightly 
in the presence of the discharge. The peak 
representing those electrons which had suf- 
fered an inelastic collision with a loss of ap- 
proximately 12.5 volts shifted over till the 
peak occurred between 10.5 and 11 volts. This 
has been taken to indicate the presence of 
those lower energy losses due to collisions with 
atomic hydrogen. In addition, another peak, 
representing an energy loss of from 8 to 9 














volts dropped very greatly in magnitude 
though it never completely disappeared. This 
critical potential has been previously observed 
by Jones and Whiddington (Phil. Mag. 6, 889, 
1928). The conditions under which they ob- 
served it were quite different from those exist- 
ing in the present apparatus but the behavior 
of the peak was quite similar. They attributed 
it to an energy loss characteristic of the hydro- 
gen molecule and this hypothesis seems to 
gain additional support from the present 
work. Unfortunately the most recent theo- 
retical work on the hydrogen molecule con- 
tains no explanation for an energy loss of this 
value. However, it is not contrary to any 
experimental work as hydrogen has not pre- 
viously been investigated under the conditions 
necessary to bring the effect into evidence. 
Accurate data has been obtained for the 
angular distribution of scattered electrons 
with from one hundred to two hundred volts 
energy in both atomic and molecular hydro- 
gen. The experimental points obtained for 
elastically scattered electrons in atomic hy- 
drogen lie within the limits of experimental 
error on the theoretical curve predicted by the 
new quantum mechanics. This is of a different 
order of magnitude from the scattering which 
would be expected classically. The scattering 
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in molecular hydrogen is somewhat greater 
than in atomic hydrogen. This is in general 
what would be expected from theoretical con- 
siderations. No accurate comparison with the 
theory is possible, however, for molecular 
hydrogen, as the scattering to be expected has 
not been calculated for this case. 


The inelastic scattering in hydrogen has 
also yielded some very interesting results 
which will be discussed more fully in a forth- 
coming article. But one point should be 
mentioned here in as much as one statement 
made in the PaysicaL REviEw article pre- 
viously referred to has been found to be in 
error. The decrease in the number of electrons 
scattered inelastically as one proceeds from 
small to large angles is more rapid than the 
similar decrease in the number of elastically 
scattered electrons. The reason for this is not 
clear, but the same thing has been observed 
by Dymond (Proc. Roy. Soc. 122, 571, 1929) 
for electrons scattered in helium. 

These results will be reported in full in an 
article to appear shortly in the PaysicaL 
REVIEW. 

GAYLorD P. HARNWELL 

Palmer Physical Laboratory, 

June 15, 1929. 


The Uncertainty Principle 


The uncertainty principle is one of the 
most characteristic and important conse- 
quences of the new quantum mechanics. This 
principle, as formulated by Heisenberg for 
two conjugate quantum-mechanical variables, 
states that the accuracy with which two such 
variables can be measured simultaneously is 
subject to the restriction that the product of 
the uncertainties in the two measurements is 
at least of order h (Planck’s constant). Con- 
don* has remarked that an uncertainty rela- 
tion of this type can not hold in the genera! 
case where the two variables under consider- 
ation are not conjugate, and has stressed the 
desirability of obtaining a general formulation 
of the principle. It is the purpose of the 
present letter to give such a general formula- 
tion, and to apply it in particular to the case 
of angular momentum. 


* E. U. Condon “Remarks on Uncertainty 
Principles” Science LXIX, p. 573 (May 31, 
1929), and in conversations with the writer on 
this topic. 


We define the “mean value” Apo of an 
(Hermitean) operator A in a system whose 
state is described by the (normal) function y 
as 

Ay=fyAydr 
where the integral is extended over the entire 


coordinate space. The Hermitean character 
of A (i.e. 
[eAvdr =[yA odr 

for arbitrary ¢, ¥) insures the reality of Ao. 
The “uncertainty” AA in the value of A is 
then defined, in accordance with statistical 
usage, as the root mean square of the devia- 
tion of A from this mean, i.e. 


(AA)? = fy (A — Ao)*¥dr. 


The uncertainty principle for, variables 
A, B, whose commutator A 2ri, is 
expressed by 


AA-ABEh| Col /4e 
i.e. the product of the uncertainties in A, B is 
not less than half the absolute value of the mean 
of their commutater. 
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We here confine ourselves to sketching the 
proof of this principle for a one-particle sys- 
tem and for quantum mechanical variables 
A(q, ~), Big, ~) which are linear in the 
momenta (p., py, pz)! (The proof for the 
general case in which the operators can be 


- expanded in powers of the momenta can be 


made along exactly the same lines.) Writing 

A =4+4,p:+4ypy+4:ps 
where p.=(h/2xi)d/dx, etc. and the a’s are 
functions of position, the Hermitean character 
of A requires that these functions be real and 
that div (a,, a,, a.)=0. The expression for 
(4A)? may be written, on integrating once by 
parts, using the fact that div (a) =0 and dis- 
carding the resulting surface integral, in the 
form 


(4A)?=f|(A—Ao)y¥| dr. 
We are now in a position to apply the 
Schwarzian inequality? 


[hit fefaddr | [/ (ergs +29282)dr ] 
> | {ign +fege)dr|? 
Taking 


fr=(A—Ao)¥ =fz, 1 = (B—Bo)y = — £2 
and reducing the integral on the right hand 
side by integration by parts we find 
AA -AB>}3|f¥(AB—BA)ydr], 
the required result. 


1Cf. proof of special case A=p, B=q in 
H. Weyl “Gruppentheorie und Quanten- 
mechanik” pp. 66, 272. 

2 Weyl, |. c. p. 272. 
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We obviously obtain Heisenberg’s result if 
the two variables are conjugate, for then C, 
and consequently Co, are +1. As a further 
illustration of the principle, we apply it to the 
case of angular momentum. Here we have 

M,=yp.—2p,, M:M,— M,M.=—hM;,/2xi 
so the product of the uncertainties in two of the 
components of angular momentum is not less 
than h/4x times the mean value of the third 
component in the state under consideration. 
Consider in particular the state, treated by 
Condon, defined by 

v=f(r)e™?P,™(cos 0) 
where the pole of the spherical coordinates lies 
onthe z-axis. Then M,, M*?(=M,?+ M,2+M,) 
have the definite values 
M.= M.io=mh/2x, M*=1(1+1)(h/2x)? 
the mean values of M,, M, are zero and the 
uncertainties are given by 
(AM;)?=(AM,)? =4[1(1+1) —m?](h/2x)?, 
AM,=0. 
Now from the uncertainty principle for M,z, 
M, we find 
L1+1)2m(m-+1) 
which is in fact the case. This example shows 
that for m=/ the equality holds; the in- 
equality is consequently the most restrictive 
one that can be deduced for angular momenta, 
for we have here a case in which the ultimate 
limit has (in principle) been reached. 
H. P. RoBERTSON 

Palmer Physical Laboratory, 
Princeton, N. J., 

June 18, 1929. 


The Emission of Positive Ions from Metals 


During an investigation of the critical 
potentials in metallic vapors the writer ob- 
served that considerable positive ion currents 
were obtained when the metals were heated. 
A study of these currents by positive ray 
analysis has yielded the following results. Fe, 
Ni, Cu, Zr, Pt, Pd give alkaline ions which 
persist for a considerable time when the 
metals are Jeated. The persistence in iron 







was most t, as a sample of electrolytic 
iron si rable potassium ion emis- 
sion n heated for 200 hours 
ina 8 mm and at a temperature 


W, Mo, Ta, and Rh gave alkaline ions 


initially but these disappeared after a few 
minutes’ heating. When the temperature of 
the metals was increased to the point where 
vaporization became appreciable, positive ion 
emissions were again observed. The atomic 
weights of these ions check within the limits 
of error with the atomic weights of the re- 
spective metals. 


It is hoped to extend these results to other 
metals as well as to study the emission as a 
function of the temperature. 

H. B. WasLIN 


University of Wisconsin, 
June 24, 1929. 





















LETTERS TO THE EDITOR 


Excitation of the 8 Bands of Nitric Oxide 


Henri and Wolff, in the Journal de Physique 
et le Radium of March 1929, have discussed 
in considerable detail the formation, predis- 
sociation and dissociation of molecules, by 
studying the spectrum of SO, as obtained by 
the decomposition of SO: in an electric dis- 
charge. Since their results are very similar to 
those obtained by the writer in NO, it seems 
of some interest briefly to report the results 
obtained. The NO: was obtained by passing 
an uncondensed discharge through mixtures 
of nitrogen and oxygen at 0.5 mm. A com- 
monly observed afterglow results, possessing 
a continuous spectrum in the visible, and 
ascribed to the decomposition of NO:. It was 
observed that on passing a weak discharge 
through this glow the 8 bands of nitric 
oxide were very strongly excited. These 
bands possess several very interesting proper- 
ties. They correspond to a transition from 
the B to the X level of the molecule and the 
transition By— Xo is very improbable because 
of the large difference in nuclear separation. 
These bands have never been reported as 
being intense in electric discharges and they 
have been obtained with considerable in- 


tensity only in active nitrogen. This present 
experiment is therefore the first one in which 
these bands have been observed with great 
intensity in an electric discharge. 


The 8 bands, as observed in the present 
experiments, correspond to transitions only 
from the By to the various X vibrational 
levels, whereas in the afterglow of active 
nitrogen they correspond to transitions from 
several B levels to the various X levels. This 
difference indicates that there are at least two 
possible methods for exciting these unusual 
bands and two of these methods have been 
discussed in brief by Kinsey and the author. 
They are excitation by recombination, and 
excitation by collisions of the second kind. 
They may, however, arise by a method, simi- 
lar to that proposed by Henri and Wolff, for 
SO, namely the formation of excited NO by 
the decomposition of NO,. This will be dis- 
cussed in full elsewhere. 


JosepH KAPLAN 
University of California at Los Angeles, 


Los Angeles, California, 
June 24, 1929. 
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BOOK REVIEWS 


Polarisation Diélectrique. J. ERRERA, Professor of Physical Chemistry in the University 
of Brussels. 172 pp., 35 figs. Les Presses Universitaires de France, 49 Boulevard Saint- 
Michel, Paris, France, 1928. Price 35 Fr. 

Occasional summaries in the recent periodical literature dealing with the field of dielectric 
polarization have treated largely that part of the polarization which is due to the presence of 
electric doublets in the molecule. The polarization induced within the molecule, that is, the 
molecular refraction, was discussed so often a generation and more ago that it is now commonly 
regarded as an outworn subject and dismissed with a cursory treatment asa necessary prelimi- 
nary to the discussion of the dipole polarization. Professor Errera, on the other hand, takes 
up the classical theory of polarization in an alternating electric field throughout the range of 
electromagnetic waves from X-rays to Hertzian waves and, by this comprehensive treatment, 
gives the reader an unusually coherent account of the field asa whole. The theory of polariza- 
tion for the region of short waves is, of course, available in many hand-books and larger text- 
books and the relation of refraction to chemical composition was for years the theme of many 
papers, but it is helpful to have this material summarized together with that on dipoles. 

The brief account of experimental procedure is useful in showing what methods are avail- 
able and, through literature references, where the details of technique may be found. A few of 
these are described rather fully, and some experimental results are presented, usually as illus- 
trations of general behavior. Of course, a reader can always find details to criticize and may 
cavil over matters of inclusion and exclusion. The physicist may inquire why the application 
of the wave mechanics to the theory of dielectrics is not discussed and the chemist may wonder 
at the very small space allotted to the relation between electric moment and molecular struc- 
ture. The inclusion of an adequate treatment of these subjects would, however, so expand the 
book as possibly to interfere with the admirable logic and clarity with which its material is 
presented. , 


CHARLEs P. SMYTH 


Kiinstliche Verwandlung der Elemente. Hans PETTERSSON. Translated from the Swedish 
by EvisaBetH Kirscu. Pp. VIII+151. Figs. 59. Walter de Gruyter and Co. Berlin and Leip- 
zig, 1929. Price Rm 9. 

The book is a presentation of the subject of atomic disintegration for the general public. 
It is profusely illustrated. After an historical introduction to the subject, leading through radio- 
activity, it gives the history of the artificial disintegration of atoms, stressing the work in 
Cambridge and in Vienna and follows this by a description of the various methods of observa- 
tion. Considerable space is also devoted to the description of the ways and means of preparing 
the radioactive material used as the source of the alpha-particles which are to bombard and 
disintegrate the atoms. This is followed by a discussion of the fundamental (building) units in 
the structure of all matter, of the nucleus of an atom, of the possibility of transmutation and of 
annihilation of matter and finally of the radiation from stars and of the inner structure of 
stars. The scope and method of presentation may perhaps be gleaned from one of the conclud- 
ing sentences in the book: ‘‘Der Weg des Forschers, welchen ich dem Leser hiermit gezeigt 
habe, fiihrt vom Laboratorium des Alchimisten bis nach demjenigen des Astrophysikers, 
Milliarden von Erdradien entfernt von dem Staiubchen im Weltraum, welches wir bewohnen.” 

A.ots F. Kovarik 





